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ABSTRACT 
BipA, also known as TypA, is a highly conserved protein originally identified in Salmonella 
typhimurium as a protein that is induced in response to bactericidal/permeability-inducing 
protein. Mutants lacking BipA exhibit a wide variety of phenotypes. Some of these phenotypes 
include: diminished pathogenicity, altered capsule biosynthesis, decreased resistance to 
antibiotics and antimicrobial peptides, as well as diminished growth at low temperatures.  
These data suggest that BipA affects multiple systems throughout the cell, suggesting that BipA 
plays a role in adaptation to various conditions within the cell. A similar role has been proposed 
for RelA although effecting transcription during adaptation rather than translation. I propose here 
that BipA is involved in the stringent response at the level of translation and may interact with 
RelA when conditions in the cell change. 
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BipA, also known as TypA, is a 67.4-kDa protein that is a part of the translational family of 
GTPases which also includes elongation factor G (EF-G) and EF-Tu (1, 2). BipA is a highly 
conserved protein found in all bacterial genomes except those of obligate symbionts and 
thermophiles (3). Similar representatives are also found in some chloroplasts and mitochondria 
that indicate BipA’s presence in endosymbiont bacterial ancestors (1, 3). Because translational 
GTPases have been implicated in a number of cellular processes and are highly conserved in 
bacteria they have become attractive targets for potential antibiotics (4, 5). BipA was originally 
identified in Salmonella typhimurium as a protein that is induced in 
response to bactericidal/permeability-inducing protein (1). The protein has 
five domains (Fig. 1) (6). Domain I is an N-terminal region consisting of 
the GTPase domain (6). While domain II is a nucleotide binding site, and 
domains III and V are involved in ribosome binding (7). There is also a 
C-terminal domain (CTD) that is unique to BipA (6). While, domains I, 
II, III, and V are homologous to EF-G, EF-4, and LepA (7, 8). BipA 
was also characterized as TypA or tyrosine phosphorylation protein A because it is one of the 
few proteins that is phosphorylated on tyrosine (9, 10). 
When Escherichia coli grows under normal conditions BipA interacts with the 70S 
ribosome in a GTP-dependent manner (6). The structure of E. coli BipA when bound to the 70S 
ribosome has been determined using cryo-electron microscopy (11). The GTP bound form binds 






Figure 1. Protein structure showing 
the five domains of BipA: GTPase 
domain (red), nucleotide binding 
(grey), Domain II (blue), Domain III 
(green), Domain IV (pink), and C-
terminal Domain (cyan) 
Credit: Dr. Victoria Robinson 
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ppGpp bound form of BipA is sterically hindered from binding to the 70S ribosome (13, 14). 
BipA has been proposed to play a role in ribosome biogenesis because of altered ribosome 
profiles when cells are grown at low temperatures in a bipA mutant (12, 15). Under conditions of 
stress (+ppGpp) ribosome binding is altered in a bipA mutant such that it will associate with the 
30S subunit of the ribosome (6).  
Mutants lacking bipA exhibit a variety of phenotypes, most of which can be considered to be 
downstream from translational control. bipA mutants of E. coli EHEC and EPEC (10, 16–18) and 
Pseudomonas aeruginosa (19) show diminished pathogenicity, altered capsule biosynthesis (19–
21), lower resistance to antimicrobial peptides (1, 16) and to antibiotics such as chloramphenicol, 
tobramycin, polymyxin B, colliston, ceftazidime, meropenem, and tetracycline (19, 22). Mutants 
also show diminished growth at low temperatures (23–25) although a low temperature defect 
was not seen in P. aeruginosa strains (19).  In EPEC, bipA mutants are unable to properly 
regulate cell motility (16, 18). In Sinorhizobium meliloti, bipA was necessary for growth at low 
temperature, at low pH, in SDS and in symbiosis with some Medicago truncatula cultivars. bipA 
was not essential during exposure to hydrogen peroxide, paraquat (superoxide), deoxycholate, 
NaCl, ZnCl2 and ethanol in plating assays, nor did the bipA mutants have an altered 
lipopolysaccharide composition (24).  bipA is proposed to play a role in formate-mediated 
protection from the cationic antimicrobial peptide BPI of granulocytes during stationary phase in 
Salmonella (26).  
In large-scale screens, BipA was identified as an important fitness gene for pathogenesis 
in ExPEC E. coli by quantitative trait enrichment analysis (27). In addition, studies on gene 
expression during lag phase in Salmonella revealed that bipA transcripts were more than eleven-
fold more abundant than in stationary phase, among the highest positive fold change, along with 
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ribosomal proteins and other translational factors (28).  In E. coli, expression of bipA decreases 
during entry into stationary phase along with a variety of transcriptional factors (29).   
 Taken together, previous work suggests that bipA mutants affect multiple systems within 
bacteria including virulence, motility, low temperature growth, and a variety of other responses 
to new culture conditions. Viewed broadly, the observed phenotypes suggest that BipA plays a 
central role in translational control during adaptation to any new condition, rather than to a 
particular condition, including infectivity (8).  
Here, I address this hypothesis by testing the effects that bipA deletion has on cell growth 
during several types of transitions using batch cultures of E. coli MG1655, a ΔbipA strain and its 
complement. Through these experiments, I show that null mutants have difficulty adapting to 
nutritional or physical adaptations during balanced growth. Specifically, I looked at temperature 
shifts, nutrient shifts, carbon and nitrogen diauxies, anaerobiosis, oxidative, osmotic and ethanol 
stresses, and exposure to sub-lethal antibiotics.  
From these physiology and antibiotic experiments I propose that BipA is involved in the 
efficient shift from one environmental condition to another by aiding in the stringent response. 
Through the antibiotic experiments I propose that BipA needs access to the A-site of the 
ribosome in order to aid in the adaptational response. This is because of the effects that were 








Materials and Methods 
 
Growth and Escherichia coli strains 
 
E. coli MG1655 (K-12 F– λ– ilvG– rfb-50 rph-1) and an isogenic ΔbipA strains were used 
throughout the following experiments. The isogenic ∆bipA strain was a gift to Dr. Victoria 
Robinson from L.A. Isaksson, Uppsala University (30). The deletion was re-sequenced using 
Illumina MiSeq and the location of the deletion and identity of the parent strain were confirmed. 
The plasmid used for complementation termed pCLD001 contains a full-length bipA gene 
inserted into a pET21a vector (EMB Millipore, Billerica, MA) at the T7 promoter that responds 
to lac inducers such as IPTG or lactose.  
Cultures were grown in M9 minimal medium plus glucose and thiamine (31) or LB 
medium (32) unless otherwise noted. Strains were grown overnight in 30 mL of medium in 300 
mL nephelometer (side-arm) flasks in a Forma Scientific 4518 orbital shaker or in a New 
Brunswick Scientific Innova 43 orbital shaker at 225 rpm. The side-arms of the nephelometer 
flasks are designed to fit a Klett-Summerson colorimeter, one Klett unit is equal to an optical 
density (OD600) of 0.02. After growth overnight cell density was standardized when diluting into 
fresh pre-warmed medium. After the initial dilution a reading was taken and then again for every 
20 minutes until the first hour and then every hour until stationary phase was reached and 
maintained for at least 3 hours.  All experiments were repeated at least twice. Strains containing 
either pCLD001 or pET21a had ampicillin added to 100 mg/mL. 
Normal Balanced Growth at Various Temperatures 
 
Growth curves were performed at 40˚C, 37°C, 30°C, 25°C, 20°C, and 15°C. E. coli 
MG1655 and a ΔbipA strains were pre-adapted overnight in to the appropriate temperature and 




Unless otherwise noted for temperature shifts, strains were pre-grown overnight at the 
test temperature, diluted into fresh pre-adapted medium and then shifted to a new test 
temperature where indicated.  
For shifts in nutrients, strains were grown overnight and inoculated as described above in 
the same type of growth medium. Upon growth to mid-log strains were either transitioned from 
M9 to LB or from LB to M9. For a nutrient upshift from M9 to LB, 3 mL of 10X LB were added 
to each culture at mid-log and growth was followed. When transitioning from LB to M9, one mL 
of the respective culture was transferred to 30 mL of pre-warmed M9 medium and growth was 
then followed. Because of physiological changes that occur during centrifugation such as 
anaerobiosis, cells were not spun down in a centrifuge before transferring.  
For carbon and nitrogen diauxies, which are characterized as a shift from a favorable C or 
N source to a less C or N favorable source, overnight cultures of strains were grown in M9 
minimal medium plus glucose and then diluted into 30 mL of fresh pre-warmed medium with the 
respective carbon or nitrogen source. For carbon diauxie, a final concentration of 5.55 mM 
glucose plus 21.7 mM glycerol, or 4.25 mM lactose, was used.  Control flasks received 16.5 mM 
glucose. For nitrogen diauxie, cells growing on M9 plus glucose received a final concentration of 
9.97 mM ammonium chloride plus 9.97 mM sodium glutamate or plus 3.06 mM arginine-HCl 
per 30 mL flask.  Controls received 18.7 mM of ammonium chloride.   
 When observing the transition from aerobic to anaerobic growth, strains were grown 
overnight with shaking in M9 medium plus glucose until mid-log. After this phase was reached 
10 mL of culture was removed and transferred to a 10 mL screw-capped tube that fit into the 
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Klett-Summerson colorimeter and grown without shaking. Under these conditions E. coli will 
respire away any residual oxygen and begin anaerobic growth.  
 For oxidative stress, two conditions were studied: the peroxide and superoxide responses. 
Strains were pre-grown in M9 medium plus glucose overnight and then transferred to 30 mL 
fresh pre-warmed medium. At mid-log either 1 mM H2O2 was added or 87 µM paraquat was 
added and growth was followed.  
 For ethanol stress, strains were grown overnight in M9 minimal medium containing 
glucose and then transferred to 30 mL of fresh pre-warmed M9 minimal medium. Upon reaching 
mid-log ethanol was added to a final concentration of 4% while swirling.  
 For osmotic stress, strains were grown in M9 minimal medium plus glucose. At mid-log a 
salt solution was added to 400 mM. 
 Lags in growth were calculated by comparing the doubling times of the various strains. 
While, changes in growth rate (µ) were calculated using the equation: µ=0.693/g, where g was 
the generation time.  
Antibiotic transitions 
 
The antibiotics tested have known binding sites on the ribosome and impact various 
aspects of the translational process. The minimum inhibitory concentrations (MIC) for each of 
the antibiotics were determined (Table 1). Then by using various sub-lethal doses below the 
MIC (Table 1) I determined which concentrations decreased the rate of growth of the strains by 
half of that of the control strains. To further test that BipA is involved in the stringent response 
the antibiotics were added in addition to an environmental condition such as ethanol stress. 
Determination of Minimum Inhibitory Concentrations 
 
 7 
Minimum inhibitory concentrations (MICs) were determined for all of the antibiotics 
used.  Strains were grown to overnight in 5 mL of Mueller Hinton Broth. The assay was 
performed in a Nunclon 96 well microplate where 100 µL Mueller Hinton Broth was pipetted 
into each well. Next 100 µL of the antibiotic stock was added to the well of column 1 and mixed. 
Each antibiotic was serial diluted by transferring 100 µL from the previous well and mixing until 
the ninth well of the row, at this time 100 µL from the ninth well should be discarded. Then 5 µL 
of the overnight culture was added into each of the nine wells. Column 10 was a control for broth 
sterility, column 11 was a control for control for antibiotic sterility and column 12 was a control 
for bacterial growth. The plate was then incubated at 37˚C in a Bio-Tek Synergy HT plate reader. 
Readings were taken every 30 minutes for 24 hours.  
Antibiotic growth transitions 
  
For antibiotic transitions, cells were grown to mid-log phase in M9 minimal medium, 
then one of the three concentrations of the given antibiotic were added as per Table 1. 
Antibiotics were dissolved in distilled water then filter sterilized with 0.2µm filters. 
Erythromycin and Fusidic Acid were dissolved in 190 proof ethanol then filter sterilized as 
before. In these cases, ethanol was added to the control flasks to the same volume as the highest 
experimental flask. In all other cases the control flasks received no antibiotics and growth was 
followed. The concentration in which growth rate was lowered by half was determined by 
comparing the growth rates of the concentrations and comparing them to the control flasks.  
 To test the effect of the antibiotics when an adaptation condition was applied, 190 proof 
ethanol was added to 4% at mid-log in addition to the antibiotic being tested. For those 
antibiotics already dissolved in ethanol, ethanol was added so that the final total concentration 











Binding Site Reference 
Chloramphenicol 1, 0.5, 0.25 50S subunit 
(33) 
Erythromycin 100, 50, 25 50S subunit 
Streptomycin 8, 4, 2 30S subunit 
Tetracycline 10, 1, 0.5, 0.1 30S subunit 
Gentamycin 2, 1, 0.25 30S subunit 
Kanamycin 4, 2, 1 30S subunit 
Spectinomycin 32, 12, 4 30S subunit 
Fusidic Acid 2, 1, 0.5, 0.25 EF-G (34) 











Table 1. Antibiotics and the concentrations that were used in the various experiments. Also 
listed is the binding site of the antibiotic of where it interacts on the ribosome as well as the 
observed effect in the experiments performed. Those concentrations that reduced the growth 





 When cultures were grown in normal balanced conditions regardless of the temperature 
there were no detectable differences in growth rate, pattern or final cell density between the wild-
type E. coli MG1655 and the ∆bipA strain (Fig. 3). I then tested the hypothesis that BipA is 
needed for adaptation to various conditions, to test this I observed the transition from balanced 
growth using the various conditions: temperature, carbon sources, nitrogen sources, oxidative 
stress, ethanol stress, osmotic stress and anaerobiosis.  
Effects of Temperature on ∆bipA 
 
 In previous studies, BipA has been reported to be being necessary for growth at low 
temperatures (12, 23–25). To test this assertion, I grew both the wild-type and deletion strain 
overnight at 37˚C and transferred the culture to fresh pre-cooled 20˚C medium the next morning 
(Fig. 2). A change in the growth rate was seen in the ∆bipA strain as compared to the lag 
observed in the wild-type strain. The change in growth rate in the deletion strain could be fully 
complemented with pCLD001, but not with an empty pET21a. These results confirm previous 
observations (12, 23–25), however they do not point to a ∆bipA strain being defective at growing 
at low temperatures, rather, they reveal a defect in adapting to low temperature.  
 To test if there is a defect in the ability for strains lacking bipA to grow at low 
temperatures I then grew both MG1655 and its ∆bipA derivative at various temperatures ranging 
from 40 to 15˚C (Fig. 3A). Cells were pre-adapted to the test temperature overnight in LB 
medium and then transferred to fresh LB medium equilibrated to the test temperature and growth 
was followed in duplicate. There were no observable differences in the growth rates or final cell 
densities between either strain, but as expected, the final cell densities were diminished at higher 
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and lower temperatures (Fig. 3A & B). Thus, ∆bipA is defective at adapting to a change in 
temperature but not defective at growing at low temperatures when pre-adapted beforehand. 
I then did a set of temperature transition experiments to confirm that strains lacking bipA 
lag in growth resumption upon transition from balanced growth at one temperature to another. 
Temperature shifts were performed by growing strains of E. coli MG1655, the ∆bipA strain, and 
its complement, pCLD001, to mid-log phase and then transferring the flasks to the test 
temperature. No difference in the strains was observed during a temperature upshift from 20 to 
37˚C (Not shown). When cultures underwent a temperature downshift from 37 to 20˚C, a slower 
growth rate was observed in the deletion strain as compared to that of the wild-type. This slow-
down in growth in the deletion strain could be eliminated by complementation with pCLD001 
but not with the pET21a vector alone (Fig. 4). When shifting from 37 to 15˚C a similar effect 
was seen, with the deletion strain having a slower growth rate at 15˚C as compared to the wild-
type strain at the same temperature (Fig. 5). These results suggest that ∆bipA strains are 
defective in adapting to shifts to low temperatures, not growing at low temperatures. The concept 


















Figure 2. Growth of E. coli MG1655 and ∆bipA in LB medium in which strains were grown 
at 37˚C overnight and then transferred to LB medium prewarmed to 20˚C. Growth was 







Figure 3. Growth of the wild-type E. coli MG1655 and the ∆bipA strain at various 
temperatures. (A) Strains were pre-adapted to the temperature overnight in LB then 
transferred to fresh LB pre-warmed or pre-cooled to the same temperature. Values are the 
average of two flasks. Data from multiple experiments are plotted on a single graph for 






Figure 4. Growth curve showing the effects of temperature downshift from 37˚C to 20˚C in LB 





















Figure 5. Growth curve showing the effects of temperature downshift in LB 






 The effects of nutrient shifts were first examined using M9 plus glucose and LB. When 
10X LB was added to a growing culture in M9 at 37˚C to give 1X LB (nutrient upshift), the 
deletion strain showed a lag of about 15 minutes compared to MG1655 before growth resumed 
(Fig. 6A). The lag could be extended to 60 minutes if the same experiment was repeated at 25˚C 
(Fig. 6B). At both temperatures the lags could be eliminated by complementation with pCLD001 
(Fig. 6A & B). When E. coli MG1655 and its ∆bipA derivative were grown in LB and then 1mL 
was transferred to pre-adapted M9 medium (nutrient downshift) there was no observable 
difference in the growth of the two strains when growing at 37˚C (Fig. 6C). While a lag of about 



































Figure 6. Effect of a nutrient upshift from M9 to LB (A & B) where 10X LB broth was added at 
the arrow to cultures of E. coli strains. Nutrient downshift (LB to M9) of E. coli MG1655 and 
MG1655 ∆bipA strains (C & D). Cultures were grown at 37°C (A & C) and 25°C (B & D). 




 To look at the effects of a shift in carbon, the classic case of diauxie was used to look at 
nutrient transition in a simpler system. Control cultures grown in M9 medium plus glucose 
showed no observable difference in growth between the deletion strain and the wild-type at 
either 37˚C or 25˚C (Fig. 7A). When cells were grown on M9 medium plus glucose and glycerol 
at 37˚C the typical diauxic lag was observed in both strains but the deletion strain lagged for 60 
minutes longer in the ∆bipA strain than the wild-type (Fig. 7B). This lag was extended to 110 
minutes when the experiment was repeated at 25˚C (Fig. 7D). The lag in growth resumption 
could be eliminated by complementation with pCLD001 (Fig. 7D). A similar result was seen 
when strains were shifted from growing on glucose to lactose (Fig. 7 C & E).  
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Figure 7. Diauxic growth of WT E. coli and ∆bipA strain (A) Growth at 37˚ and 25˚C on glucose 
control. (B) Growth at 37˚ and (D) growth at 25˚C on glucose and glycerol. (C) Growth on 




 The bipA gene is directly upstream from glnA (glutamine synthetase), so the effect of 
switching from ammonium to an amino acid as the sole nitrogen source was studied. No 
differences between the E. coli MG1655 strain and its ∆bipA derivative were observed when 
cells were grown in M9 medium with a concentration of 18.6 mM ammonium chloride at 37˚C 
and 25˚C (Fig. 8A). No observable difference was seen at 37˚C in the ∆bipA strain during N 
diauxie when switching to glutamate (Fig. 8B). At 25˚C a lag of about an hour was seen in the 
∆bipA strain vs the WT (Fig. 8D). The lag could be eliminated with complementation with 
pCLD001 at 25˚C (Fig. 8D). A similar result was seen when diauxic growth was performed with 








Figure 8. Nitrogen diauxic growth of E. coli MG1655 and E. coli MG1655 ∆bipA and its 
complement on ammonium plus glutamic acid (B & D) and ammonium plus arginine (C & E). 
(A) Growth 37˚ and 25˚C on 18.7 mM ammonium chloride control. Growth at 37˚C (B) and 
25˚C (D) on 9.97 mM ammonium chloride and 9.97 mM glutamic acid. Growth at 37˚C (C) and 









Effects of shifting from aerobic to anaerobic growth 
 
 A shift to anaerobic growth was studied by growing the strains aerobically in the 
nephelometer flasks with vigorous shaking until mid-log phase, and then transferring to 
anaerobic growth as described. A 45 minute longer lag was seen in the deletion strain as 
compared to the WT at 37˚C (Fig. 9A). After transfer, a lag in growth resumption of about 90 
minutes longer in the deletion strain as compared to the wild-type strain at 25˚C (Fig. 9B). The 












Figure 9. Growth of E. coli strains during the transition from aerobic to anaerobic growth at 
37˚C (A) and 25˚C (B) in LB medium. Cells were transferred to capped tubes at the arrow. 
Values are the average of two biological replicates. 
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Effects of oxidative stress on growth 
 
 Sublethal (1 mM) concentrations of hydrogen peroxide were utilized to study the effects 
that inducing the peroxide response would have on the growth of the wild-type and bipA deletion 
strains. At 37˚C upon exposure the wild-type experienced a brief lag and the deletion strain 
lagged an additional 30 minutes (Fig. 10A). When strains were exposed to 1 mM H2O2 in M9 at 
25˚C, a brief lag in the growth resumption of the wild-type strain was observed (Fig. 10B). 
Interestingly, at 25˚C the bipA deletion strain stopped growing altogether after H2O2 was added. 
In the ∆bipA strain complemented with pCLD001 growth resumed but at a slower rate than 
MG1655 (Fig. 10B). Cells of the ∆bipA strain were shown to be viable after plating a sample 
taken three hours after the addition of hydrogen peroxide on LB agar indicating that the effect 
observed is bacteriostatic at the concentration used.  
 The superoxide anion response was studied by adding paraquat to a final concentration of 
87 µM into the cultures at 37˚C as described in Methods. Paraquat mediates the reduction of O2 
to superoxide anion (O2-) by using electrons taken from the electron transport chain (36).The 
wild-type strain did not exhibit a discernable lag but did slow down. It is interesting to note that 
the ∆bipA strain did cease growth just was observed in the peroxide stress experiment (Fig. 11). 
Once again upon complementation with pCLD001 in the deletion strain the complementation 
was not complete as was also observed in the H2O2 experiment. This suggests that BipA 
production was suboptimal. Similar to the H2O2 experiment when samples of the ∆bipA strain 









Figure 10. Effects on E. coli strains of adding H2O2 at mid-log. Sublethal (1 mM) H2O2 was 
added at mid log (arrow) and growth was followed at 37˚C (A) and 25˚C (B) in M9 minimal 
medium plus glucose.  For clarity, control curves (without H2O2) of E. coli strains MG1655 
∆bipA, MG1655 ∆bipA/pCLD001, and MG1655 ∆bipA/pET21a, which all closely matched the 










































Figure 11. Effects on E. coli strains of superoxide anion provided at mid-log.  Paraquat was 
added to 87 µM at the arrow and growth was followed at 37˚C in M9 minimal medium plus 
glucose. For clarity, control curves of E. coli strains MG1655 ∆bipA, MG1655 ∆bipA/pCLD001, 
and MG1655 ∆bipA/pET21a without paraquat, which all closely matched the MG1655 control, 
are not shown. Values are the result of average of two biological replicates. 
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Effects of ethanol stress on growth 
 
 To study the effects of ethanol, ethanol was added to a sublethal concentration of 4% in 
the flasks at 37˚C. MG1655 continued to grow after a brief lag in growth, while the deletion 
strain lagged for about an hour longer than the wild-type before growth resumed. The lag could 







































Figure 12. Effect of ethanol added to E. coli cultures during balanced growth. Ethanol was added 
(arrow) to 4% and growth was followed at 37˚C in M9 minimal medium plus glucose. For 
clarity, control curves of E. coli strains MG1655 ∆bipA, MG1655 ∆bipA/pCLD001, and 
MG1655 ∆bipA/pET21a without ethanol, which all closely matched the MG1655, control are not 
shown. Values are the result of the average of two biological replicates. 
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Effects of osmotic stress on growth  
 
 Next, the effects of osmotic stress using an NaCl solution were observed. When strains 
were exposed to a salt (NaCl) solution a lag of about an hour was observed for the deletion strain 
while no lag was seen for the wild-type at 37˚C (Fig. 13A). The lag in growth resumption could 
be extended to 90 minutes in the deletion strain at 25˚C (Fig. 13B). This lag could be eliminated 
by complementation with pCLD001 (Fig. 13B). 
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Figure 13. Effect of osmotic stress on growth of E. coli MG1655 and ∆bipA strains. A 
salt solution was added to 0.4 mM at mid-log (arrow) and growth was followed at 37˚C 
(A) and 25˚C (B) in M9 minimal medium plus glucose. For clarity, control curves of 
MG1655 ∆bipA, MG1655 ∆bipA/pCLD001 and MG1655 ∆bipA/pET21a were omitted 

























Minimum Inhibitory Concentrations  
 
 The MICs that were determined through these experiments were the same for both E. coli 
MG1655 and the ∆bipA mutant (Table 2). Interestingly, these values differed from the amount of 


































Antibiotic Name MIC E. coli MG1655 (µg/mL) MIC E. coli MG1655 ∆bipA (µg/mL) 
Chloramphenicol 12.5 12.5 
Erythromycin 312 312 
Streptomycin 3.9 3.9 
Tetracycline 7.8 7.8 
Fusidic Acid 62.5 62.5 
Table 2. Minimum inhibitory concentrations (MIC) for the wild-type and ∆bipA strains. 
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Effects of Antibiotics on Growth 
 
Growth curves were performed in the presence of antibiotics known to interact with the 
ribosome. All antibiotics had known interaction with the ribosome except phosphomycin, which 
is involved in cell wall synthesis (35). This antibiotic was used as a control for the other 
antibiotics.  
In the case of chloramphenicol (Fig. 14), erythromycin (Fig. 15), kanamycin (Fig. 17A), 
gentamycin (Fig. 17B) or spectinomycin (Fig. 17C) no difference in the growth patterns of the 
WT vs. ∆bipA was observed regardless of the concentration tested. When ethanol was added in 
addition to the antibiotic no observable difference were seen either. In the case of streptomycin 
(Fig. 16), when streptomycin alone was added there is no observable differences. When both 
streptomycin and ethanol were added I saw the same lag as I saw an extended lag in the ∆bipA 
strain of 90 minutes. This is a longer lag than typically seen with ethanol alone.  
On the other hand, fusidic acid and tetracycline added alone each gave a greater delay in 
growth recovery of the ∆bipA strain versus the wild type that was not apparent from the MICs 
(Table 2).  For tetracycline added alone, the ∆bipA strain lagged about 50 min longer than the 
wild type at 37˚C (Fig. 18). This lag extended to two hours when the experiment was repeated at 
30˚C (Fig. 19). Tetracycline plus ethanol experienced a longer lag in the ∆bipA strain than 
tetracycline alone but the effect was additive (Fig. 18 & 19).  
When fusidic acid alone was added, the deletion strain lagged about 25 min longer than 
WT at 37°C (Fig. 20).  Upon addition of fusidic acid plus ethanol, the lag of the ∆bipA strain 
over wild type extended to about 90 minutes at 37˚C.  Slow growth ensued and finally ceased at 
about three hours after antibiotic addition and gave a much lower yield than the MG1655 control 
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Figure 14. Effects of chloramphenicol and ethanol during balanced growth of E. coli 
MG1655 (A) and ∆bipA (B).  Either 1µg/mL of chloramphenicol, ethanol to 4% 
concentration or both were added to growing cultures at the arrow and growth 





Figure 15. Effects of erythromycin and ethanol during balanced growth of E. coli 
MG1655 (A) and ∆bipA (B) at 37˚C in M9 minimal medium plus glucose.  Either 
50µg/mL of erythromycin, ethanol added to 4% or both were added to growing cultures 
at the arrow and growth followed. 
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  Figure 16. Effects of streptomycin and ethanol during balanced growth of E. coli 
MG1655 (A) and ∆bipA (B) at 37˚C in M9 minimal medium plus glucose.  Either 
8µg/mL of streptomycin, ethanol added to 4% or both were added to growing 
cultures at the arrow and growth followed. 
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Figure 17. Effects of 4µg/mL kanamycin (A), 2µg/mL gentamycin (B) and 
32µg/mL spectinomycin (C) (added at the arrows) during balanced growth of E. coli 




Figure 18. Effects of tetracycline and ethanol during balanced growth of E. coli 
MG1655 (A) and ∆bipA (B) at 37˚C in M9 minimal medium plus glucose.  Either 
1µg/mL of tetracycline, ethanol added to 4% or both were added to growing 





Figure 19. Effects of tetracycline and ethanol during balanced growth of E. 
coli MG1655 (A) and ∆bipA (B) at 30˚C in M9 minimal medium.  Either 
1µg/mL of tetracycline, ethanol added to 4% or both were added to growing 















Figure 20. Effects of fusidic acid and ethanol during balanced growth of E. coli 
MG1655 (A) and ∆bipA (B) at 37˚C in M9 minimal medium plus glucose. Either 
2µg/mL of fusidic acid, ethanol added to 4% or both were added to growing 
cultures at the arrow and growth followed. 
 41 
 
Figure 21. Effects of fusidic acid on the growth of E. coli MG1655 (A) and 
∆bipA (B) at 30˚C in M9 minimal medium plus glucose. Either 2µg/mL of 
fusidic acid, ethanol added to 4% or both were added to growing cultures at the 




 Taken together this works suggests that BipA is essential for adaptation to new 
conditions in the cell but is not essential for growth during normal balanced conditions (Fig. 3). 
Regardless of the condition tested growth of the ∆bipA strain lagged significantly behind that of 
the wild-type strain. The length of the lag was temperature dependent and could be 
complemented with a plasmid containing the full-length bipA gene (pCLD001). In all situations, 
complementation was full except during oxidative stress with H2O2 and superoxide anion (Figs. 
10 & 11).  
 I was able to reproduce previous observations showing that MG1655 ∆bipA cells grown 
initially at 37˚C had a defect in growth resumption upon transfer to 20˚C (Fig. 2). However, I 
conclude that BipA is needed to adapt to, rather than grow at lower temperatures. This 
conclusion is supported by the growth experiments showing no difference in the growth rates of 
the strains when grown at a variety of temperatures (Fig. 3). When the temperature was shifted 
during balanced growth a lag in the resumption of growth was observed (Figs. 4 & 5). Since the 
rate of growth was the same between strains after the lag I hypothesized that a similar lag would 
be observed during environmental changes. I therefore tested and found similar lags in 
adaptation to medium shifts, carbon and nitrogen diauxie, aerobic/anaerobic transitions, osmotic 
stress and various stressors (ethanol, H2O2, and superoxide). 
 Previous studies have implicated BipA in a variety of cell functions. These functions 
suggest that BipA has some proximal role in protein synthesis (12, 14, 18, 21). Two common 
denominators link the adaptation conditions that were tested. One is the regulation of the 
alarmone (p)ppGpp that is upregulated in response to most changes and the other is the sudden 
and transient requirement to translate large numbers of new transcripts. (p)ppGpp is elevated in 
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response to each of the conditions tested except temperature downshifts and nutrient upshifts and 
certain antibiotics (33, 37, 38) via SpoT and RelA which synthesizes the alarmone in response to 
amino acid perturbation. Downshifts in nutrients will lead to a synthesis of ppGpp (39) by RelA 
even in the special cases of carbon diauxie (40–44) and nitrogen diauxie (45–48). Because BipA 
binds both GTP and ppGpp (14), and is clearly involved in adaptation responses, this suggests 
that BipA responds to these conditions perhaps by binding (p)ppGpp and/or other signals. This 
correlation only holds true for those conditions that were tested in which ppGpp levels increased 
but not for those conditions that do not such as temperature downshift and nutrient upshift 
although a lag was still observed. I cannot rule out a secondary surge in ppGpp levels under these 
conditions.  
 Another common link between the conditions that were tested is the need to make dozens 
to hundreds of new proteins from various regulons during adaptation (49). In the case of 
temperature downshift various cold shock proteins are turned on (37, 50, 51), most other protein 
production stops, except those that are induced by the cold, until cells recover (52). During 
carbon diauxie at least 50 proteins are either induced or repressed the most notable being  
controlled by cAMP and CRP (53, 54). When E. coli is starved for nitrogen a series of over 100 
genes linked to the Ntr system (NtrBC) are induced (46–48). As E. coli is forced to adapt from 
aerobic growth to anaerobic growth the global transcriptional regulators, FNR and ArcAB are 
involved (47, 55–60). FNR is responsible for repressing the proteins involved in respiration (55–
58, 61). While ArcAB is a two component regulator that coordinates the cell’s response to 
changes in the redox state of the cell and involves over 85 proteins (59, 60). In this case all of the 
dissolved oxygen will be used before cells have switched from aerobic to anaerobic growth (36). 
The superoxide response is induced when paraquat is added to the cultures, this response will 
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induce over 30 proteins (62) in the SoxRS regulon (36). Those proteins that are induced by the 
superoxide response differ than those that are induced by the hydrogen peroxide response, which 
is governed by OxyR (62, 63). Ethanol tolerance in E. coli is regulated by both CRP and the heat 
shock response, which controls over 400 genes (64, 65). The osmotic response is characterized 
by an uptake in potassium ions and an efflux of putrescine. These changes cause a synthesis of 
osmoprotectants such as glycine betaine, proline, and trehalose. In E. coli it is believed that ProP 
is also involved in osmoregulation along with various sigma factors including: s70, sS, and sE 
(66). All of the responses described here are complex in nature but each shares the common need 
for quick translation of the induced mRNAs in order for adaptation to occur.  
When exposed to “sublethal” levels of hydrogen peroxide and superoxide, the cells did 
not recover. Growth of the cells ceased but did not diminish cell counts so the effect that was 
observed can be described as bacteriostatic. It is known that when exposed to oxidizing agents 
components of the translational machinery, especially EF-G are reversibly inactivated (67, 68). 
Complementation with pCLD001 is partial which suggests that suboptimal levels of BipA were 
produced from the plasmid, which is likely because the gene was not induced and I relied on 
background expression from the T7 promoter on the pET21a plasmid (69).  
It should be noted that ethanol stress, osmotic stress, and oxidative stresses are the only 
conditions in which a toxin had to be removed before growth resumed. In a similar vein, the 
dramatic effect of fusidic acid, which blocks the release of EF-G from the post-translocational 
state (34), on ∆bipA mutants provides additional evidence that BipA binds close to EF-G.  None 
of the other antibiotics tested altered the effect of the ethanol response versus the wild-type 
suggesting a lack of direct interaction by them with BipA on the ribosome. All of the results 
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from this chapter suggests that BipA may be essential for the rapid translation of mRNAs made 


























 As early as 1954, Borek, Ryan and Rockenbach identified a strain of E. coli in which a 
methionine requiring mutant still continued to synthesize stable RNA even after being starved 
for methionine (70). This observation was in contrast to a “stringent” strain, in which stable 
RNA synthesis stops (71). This other strain was termed “relaxed” and exhibited the same 
phenotype when starved for leucine, isoleucine valine and histidine (71). The phenotype was 
identified as the “RNA control” or RC locus (71). The “relaxed” strain had continued RNA 
synthesis during amino acid starvation even though protein synthesis was absent. This phenotype 
resulted in an accumulation of “relaxed particles” that could be matured into complete and 
functional ribosomes (72–75). Upon amino acid starvation, the wild-type stringent strain 
experienced the breakdown or lack of formation of polysomes, thus creating a higher level of 
free ribosomes. In the relaxed strain, the formation of polysomes was observed under the same 
starvation conditions, and RNA synthesis was not inhibited (76–78). Another observation was 
that synthesis of nucleoside triphosphates was reduced in the stringent strain and unaffected in 
the relaxed strain also when starved for amino acids (79). Cashel and Gallant later observed two 
compounds (“magic spot” MSI and MSII) that appear during amino acid starvation of a stringent 
wild-type strain but do not appear in a relaxed mutant (80). The structure of the major product 
MSI was determined as the alarmone, guanosine 5’ diphosphate 3’-diphosphate (ppGpp) and the 
minor product was pppGpp, a 5’-triphosphate phosphorylated derivative of ppGpp (81).  
ppGpp is synthesized from GTP and acts as a global regulator in bacteria and is needed 
for physiological adaptation to stressful conditions (82). In the context of bacterial physiology, 
(p)ppGpp is a modulator of growth rate and general metabolism (83–85). Growth rate control by 
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ppGpp is regulated by inhibiting the production of rRNA (86), and ppGpp effects multiple other 
processes in general metabolism including transcription (86), and nucleotide metabolism (87, 
88). The RelA-SpoT homologue (RSH) family of proteins is responsible for synthesizing 
(p)ppGpp (86, 89). In E. coli, RelA utilizes ATP or GTP or GDP to make (p)ppGpp and AMP or 
GMP (90–92), and SpoT mainly operates to hydrolyze ppGpp to GDP (pppGpp to GTP) and 
pyrophosphate (89, 93).   
RelA is a ribosome associated protein (91). Cryo-EM studies show RelA in an extended 
conformation that wraps around the A-site of the ribosome (94, 95). A few different models have 
been proposed for how RelA specifically interacts the ribosome. One such model is that when 
deacylated tRNAs enter the A-site of the ribosome the (p)ppGpp synthesis activity of RelA is 
initiated (91, 96). Originally, RelA was proposed to dislodge the tRNA from the ribosome but 
this is not supported by the “hopping” model (96, 97). The “hopping” model suggests that RelA 
hops between ribosomes, and thus can monitor the translational capacity of the cell (97). Another 
model suggests that activation of RelA allows for it to dissociate from the ribosome, and multiple 
rounds of (p)ppGpp synthesis occur off the ribosome rather than on it (98). RelA and the 
alarmone ppGpp have a positive feedback loop in that RelA can be activated by ppGpp (99).    
The specific activation mechanics of RelA is still unclear. One hypothesis is that it is 
connected to an uncharged tRNA being loaded into the A site of the ribosome and an mRNA 
codon (90). Another model says that RelA loads uncharged tRNA into the A-site of the ribosome 
similar to EF-Tu (96). Still another model proposes that RelA does not interact directly with 
tRNA, but operates when an uncharged tRNA enters into the A-site and this stalls the ribosome. 
Each stalled ribosome will then activate RelA and synthesize more (p)ppGpp (97).  
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Rel, RelA and SpoT are highly conserved proteins amongst bacteria; although it is absent 
in bacteria from the phyla Plancotomycetes, Verrucomicrobia, and Chlamydiae (89). Other 
bacteria that are missing these proteins are obligate intracellular symbionts and pathogens with 
reduced genomes (See Chapter 4) (89). In addition to amino acid starvation, RelA is also 
activated during temperature upshift (98, 100), carbon (101), iron (102), fatty acid (103), and 
phosphate limitation (104) as well as the transition to stationary phase (105). relA mutants and 
their relaxed phenotype have been characterized by a waste of cellular resources such as nitrogen 
because of the continuous production of RNA during such adaptation events such as amino acid 
starvation, diminished antibiotic tolerance and reduced production of glycogen. As such, a lag in 
growth is seen when relA mutants are transferred from rich LB to M9 minimal medium. The 
addition of the full set of amino acids eliminates this lag (106). 
 Taken together, preliminary studies show that a ∆relA strain has physiological similarities 
to a ∆bipA mutant that I showed in Chapter 1. To explore this similarity further, ∆relA mutants 
were exposed to nutritional and environmental adaptations as well as sub-lethal doses of 
antibiotics. I observed that when a ∆relA strain is exposed to temperature changes, carbon 
diauxie, anaerobiosis, oxidative stress, ethanol stress, osmotic stress, and sub-lethal antibiotics, 








Materials and Methods 
 
Escherichia coli strains 
 
For these experiments, I used strains of E. coli BW25113 (F- Δ(araD-
araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514), an isogenic ΔbipA (F- 
Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, ΔbipA733::kan, Δ(rhaD-rhaB)568, hsdR514) 
and an isogenic ∆relA (F- Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔrelA782::kan, rph-
1, Δ(rhaD-rhaB)568, hsdR514). BW25113 is related to MG1655 via BW25113’s direct relation 
to E. coli BD792. Both BD792 and MG1655 are strains of E. coli K-12 (107, 108). All three 
strains were obtained from the Coli Genetic Stock Center at Yale University, New Haven CT. 
The mutant strains were derived by P1 transduction of the bipA and relA deletion from the Keio 
strain (108, 109). A double deletion strain was made by the Coli Genetic Stock Center at Yale 
University New Haven CT. To make the strain they first used the Keio strain relA gene and 
transformed it into the pCP20 plasmid. This specific plasmid encodes an FLP recombinase that 
catalyzes the recombination between two FRT sites flanking the kanamycin cassettes that are in 
the Keio strains. To express the recombinase the transformed cells were temperature shifted to 
42˚C which also prevents the plasmid from replicating. The ∆bipA733::kan was then moved into 
the strain via P1 transduction. It was noted that the strain that was constructed grew poorly in the 
presence of kanamycin.  
Growth of E. coli strains 
 
Cultures were grown, and experiments were done, as discussed in Chapter 1, except 100 
µg/mL of kanamycin was added to the ∆bipA and ∆relA strains. Growth transitions from Chapter 
1 were performed including temperature shift from 37˚C to 20˚C, carbon diauxie of glucose to 
glycerol, aerobic to anaerobic shift, exposure to 1mM H2O2, ethanol stress and osmotic stress. 
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Minimum inhibitory concentrations (MICs) were determined using the same procedure as 
Chapter 1. Antibiotic growth transitions were also performed for these strains using the methods 
in Chapter 1 but only using chloramphenicol, erythromycin, streptomycin, tetracycline and 
fusidic acid. For the double mutant experiments tubes containing 5mL of either LB or M9 






















When the wild-type E. coli BW25113, ∆bipA and ∆relA strains were grown in LB 
medium there were no observable differences in the growth rate, and final cell density between 
the strains. On the other hand, when the strains were grown in M9 minimal medium plus glucose 
the ∆relA strain lagged for two hours as compared to the wild-type and ∆bipA strains. The ∆relA 
strain stopped growing two hours after cells were inoculated in the culture medium. The ∆relA 
strain could resume growing by increasing the total NH4Cl in the medium from 20 mM to 40 
mM (Fig. 1). From then on 40 mM of NH4Cl was added to all of the cultures. This result corrects 
the notion that relA strains has trouble growing in minimal medium  (106).  
Effects of temperature on growth 
 
 Previous studies looking at RelA and temperature downshift have observed lower ppGpp 
levels during cold shock of E. coli (37, 110, 111). Because of the observed phenotype in ∆bipA 
strains I decided to test the ∆relA strain growth when shifting from 37˚C to 20˚C (Fig. 2). Strains 
were grown to mid-log at 37˚C and then the flasks were transferred to a shaker that was pre-
cooled to 20˚C. The growth rate that was observed in the ∆relA strain was identical to that of the 
































Figure 1. Effects of nitrogen on the growth of strains of E. coli BW25113 and its ∆bipA 
and ∆relA derivatives. Strains were grown on either 20mM or 40mM NH4Cl or 20mM 
NH4Cl plus an additional 20mM NH4Cl. Upon cessation of growth of the ∆relA strain on 














Figure 2. Effects of temperature downshift on growing cultures of E. coli BW25113, 
∆bipA, and ∆relA in LB medium. Cultures were grown initially at 37˚C and then 
transferred to 20˚C at the arrow. Values are the average of two biological replicates. 
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Carbon diauxie  
 
A classic case of diauxie was used to look at nutrient transition in a simple system. Since 
lactose could not be used because of the lacZ mutation in E. coli BW25113 and its derivatives, a 
shift from glucose to glycerol was used. Control cultures were grown in M9 medium plus 
glucose and showed no observable difference in growth between the deletion strains and wild 
type at 37˚C (Fig. 3A). When cells were grown on M9 medium plus glucose and glycerol at 
37˚C the typical diauxic lag was observed in all strains but both the ∆relA and ∆bipA deletion 

















Figure 3. Effects of shifting carbon sources on E. coli BW25113, ∆bipA and ∆relA. 
Strains were grown on M9 minimal medium with 16.5 mM glucose as a control and 
40mM NH4Cl instead of 20mM(A). For diauxic growth M9 minimal medium had 5.55 
mM glucose plus to 21.7 mM glycerol (B) at 25˚C. 
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Effects of shifting from aerobic to anaerobic growth on ∆relA  
 
To study a shift from aerobic to anaerobic growth, strains were grown aerobically in the 
nephelometer flasks with vigorous shaking until mid-log phase, and then transferred to capped 
10 mL tubes for anaerobic growth.  A lag of about 45 minutes was seen for the deletion strains at 





























Figure 4. Effects of shifting from aerobic to anaerobic growth on E. coli BW25113, ∆bipA 
and ∆relA at 37˚C. Strains were grown aerobically in LB medium with shaking until mid-
log when strains were converted (arrow) to capped 10 mL tubes in which strains would 
respire away any residual oxygen (at the arrow) and growth was followed. The values are 
the average of two biological replicates. 
 58 
Effect of peroxide stress on ∆relA  
 
 During previous experiments I had observed an interesting result when ∆bipA strains 
were exposed to sublethal (1 mM) concentrations of H2O2 at 25˚C. Upon addition of H2O2, E. 
coli MG1655 ∆bipA ceased growing, while the wild type adapted quickly and continued 
growing. I wanted to observe what would happen when this same condition was mimicked in E. 
coli BW25113 and the corresponding ∆bipA and ∆relA strains. When the strains were exposed to 
1 mM H2O2 in M9 at 25˚C, a brief slow-down in the growth rate of the wild type strain was 
observed (Fig. 5). Interestingly, the bipA and the relA deletion strain stopped growing altogether 
after H2O2 was added (Fig. 5). Cells of the ∆bipA strain and ∆relA strain were shown to be viable 

























Figure 5. Effect of H2O2 on the growth of E. coli BW25113, ∆bipA and ∆relA strains are 
exposed to the peroxide stress response at 25˚C. Strains were grown at 25˚C in M9 minimal 
medium until mid-log when 1 mM H2O2 was added (arrow) at the arrow and growth was 




Ethanol stress was studied by adding ethanol to a sublethal concentration of 4% at 37˚C. 
Upon addition, the wild-type strain exhibited a brief slow down in growth and then resumed 
growing at a rate similar to the controls. Both the ∆bipA and ∆relA strains lagged about 45 

































Figure 6. Effects of exposure to ethanol on E. coli BW25113, ∆bipA and ∆relA at 
37˚C. Strains were grown in M9 minimal medium plus glucose until mid-log when 
ethanol was added (arrow) to 4% at the arrow and growth was followed. 
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Effects of osmotic stress on ∆relA  
 
 To study osmotic stress a sub-lethal salt (NaCl) solution was added to growing cultures at 
a concentration of 400 mM. Upon addition a slow down in growth rate was seen in the wild type. 
Both the ∆bipA and ∆relA strains exhibited an identical lag of about 45 min before resuming 
































Figure 7. Effects of osmotic stress on E. coli BW25113, ∆bipA and ∆relA at 37˚C. 
Strains were grown in M9 minimal medium plus glucose until mid-log when a NaCl 
solution was added (arrow) to 400 mM at the arrow and growth was followed. 
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Minimum Inhibitory Concentrations 
 
 When Minimum Inhibitory Concentrations (MICs) were determined for E. coli BW25113 
and the ∆bipA and ∆relA derivatives, no differences were observed amongst the different 
antibiotics (Table 1). These values differed from those concentrations that reduced the growth of 



























MIC E. coli BW25113 
(µg/mL) 
MIC E. coli BW25113 
∆bipA (µg/mL) 
MIC E. coli BW25113 
∆relA (µg/mL) 
Chloramphenicol 12.5 12.5 12.5 
Erythromycin 312 312 312 
Streptomycin 3.9 3.9 3.9 
Tetracycline 7.8 7.8 7.8 











Table 1. Minimum Inhibitory Concentrations (MICs) of E. coli BW25113, ∆bipA and ∆relA. 
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Effects of Antibiotics on Growth 
 
Growth curves were performed in the presence of antibiotics known to interact with the 
ribosome.  
In the case of chloramphenicol (Fig. 8), and streptomycin (Fig. 10) there were extended 
lags when both the antibiotic and ethanol were added together. While for erythromycin (Fig. 9), 
there was no observable effect more than what was seen with ethanol alone (Fig. 6).  
When exposed to tetracycline the specific concentration that decreased the growth rate by 
50% was 1µg/mL. The ∆bipA and ∆relA strains had a lag of 45 minutes compared to the wild-
type strain when antibiotic was added at mid-log growth (Fig. 11A). When 1µg/mL of 
tetracycline was added in addition to ethanol the difference in lag time extended to one hour and 
the overall cell density was diminished compared to controls (Fig. 11B & C).  
When strains were exposed to a concentration of 2µg/mL of fusidic acid, ∆bipA and 
∆relA strains experienced a lag of approximately 30 minutes longer than the wild-type (Fig. 
12A). The deletion strain lagged in growth resumption of about 20 minutes with the addition of 
ethanol, but then the growth of the strain stopped at a lower overall cell density then the other 
strains (Fig. 12B & C).  
The differences in growth between the wild type and deletion strains were not seen in the 












Figure 8. Effects of chloramphenicol on E. coli BW25113 (A) and its ∆bipA (B) and 
∆relA (C) derivatives. Strains were grown in M9 minimal medium plus glucose and then 
exposed (arrow) to either 1µg/mL chloramphenicol or 1µg/mL chloramphenicol plus 






Figure 9. E. coli BW25113 (A) and its ∆bipA (B) and ∆relA (C) derivatives were grown in M9 
minimal medium plus glucose then exposed to a sub-lethal level of erythromycin.  At mid-log 
strains (arrow) were exposed to either 50µg/mL erythromycin or 50µg/mL erythromycin plus 








Figure 10. Growth of E. coli BW25113 (A) and its ∆bipA (B) and ∆relA (C) derivatives 
were grown in M9 minimal medium plus glucose then exposed to a sub-lethal levels of 
streptomycin. At mid-log strains (arrow) had either 8µg/mL streptomycin or 8µg/mL 






Figure 11. Effects of tetracycline on the growth of E. coli BW25113 (A) and its 
∆bipA (B) and ∆relA (C) derivatives. Strains were grown in M9 minimal medium 
plus glucose then exposed (at the arrow) to either 1µg/mL tetracycline or 1µg/mL 









Figure 12. E. coli BW25113 (A) and its ∆bipA (B) and ∆relA (C) derivatives were grown in M9 
minimal medium plus glucose then exposed to a sub-lethal level of fusidic acid. At mid-log 
(arrow), strains were exposed to either 2µg/mL fusidic acid or 2µg/mL fusidic acid plus ethanol 
to 4% and growth was followed at 37˚C. 
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Growth of a ∆bipA∆relA strain 
 
It was determined that the ∆bipA∆relA double deletion strain grew poorly on LB plates at 
37˚C (Fig. 13). After 24 hours of growth only small hard to see colonies were visible (Fig. 14). 
In liquid medium, I inoculated 5mL of LB medium and M9 minimal medium plus glucose and 
thiamine with E. coli BW25113, the ∆bipA and ∆relA strains as well as the double mutant. After 
growth overnight, there was growth in all of the LB tubes. When grown in M9 minimal medium 
plus 40mM NH4Cl tubes had growth in all of the strains except for the double mutant. An LB 
growth curve with the strains at 37˚C was done. The wild-type, ∆bipA, ∆relA strains grew with 
no lags. The double mutant on the other hand did not begin growing until three hours after the 
flasks were inoculated with the overnight culture. Once the strain started growing growth 
resumed as normal with no further lag (Fig. 15). Because of being unable to grow the double 
















Figure 13. Picture showing the growth of E. coli BW25113 (B), BW25113 ∆bipA (A), 








Figure 14. Picture of E. coli BW25113 ∆bipA∆relA on an LB plate after growing for 24 

























Figure 15. Growth curve of E. coli BW25113, ∆bipA, ∆relA, and ∆bipA∆relA 




RelA has long been associated with the adaptation response in bacteria through its role in 
(p)ppGpp synthesis (80, 86, 89) and its role in the transcriptional aspect of the stringent response 
(86). While the role BipA plays has been less studied, a unified hypothesis has not yet emerged 
concerning its mechanism of control. Our rationale for testing ∆bipA and ∆relA strain in parallel 
is as follows:  All of the conditions tested in the previous chapter are linked to a change in the 
basal level of the alarmone ppGpp and they impact transcriptional control of various regulons. 
RelA is the best known ppGpp synthase in bacteria and has a well-characterized role in the 
conditions that were tested (80, 86, 89). All of the conditions tested with the exception of 
temperature downshift reportedly lead to an increase in the basal levels of ppGpp (37). The other 
commonality as discussed in Chapter 1 is the transcription of dozens to hundreds of genes under 
the control of various regulons (49).  
Taken together these results suggest that under various physiological conditions ∆bipA 
and ∆relA strains exhibit identical growth lags during responses to various new conditions. This 
result could suggest that BipA and RelA are linked by the bacterial stringent response and 
possibly work together to aid in the resumption of growth under adaption conditions. I propose 
that since RelA is known to be involved with the transcriptional aspect of the stringent response 
(86) that BipA may respond at the translational level by responding to levels of ppGpp made by 
RelA and SpoT. An interaction between the two could also be due to their proximity to where 
each of them bind on the 70S ribosome. The proposed location of both RelA and BipA is near 
the A-site and the L11 protein (11, 95). This interaction could be that BipA responds to levels of 
ppGpp produced by RelA and acts to dissociate 70S ribosomes into the 50S and 30S ribosomal 
subunit for ribosome recycling. These results could also point to BipA interacting off the 
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ribosome with ppGpp and indirectly aiding in translational control during the adaptation 
response possibly by removing EF-G or another factor. The poor growth of a strain lacking both 
bipA and relA points to E. coli needing both genes to grow and adapt to various conditions. 
When growing in a rich medium like LB medium the ∆bipA∆relA strain had difficulty adapting 
(Fig. 15), although it should be pointed out that LB is a “garbage can” medium that imposes the 
need for repeated adaptation as cells deplete substrate over time (112). The difficulty in growing 
in LB could be attributed to the need to adapt to multiple nitrogen and carbon sources (112). The 
results presented in this chapter suggest that both RelA and BipA are essential to respond to 
various adaptation conditions. Without one the strain cannot readily adapt to various conditions 


















 As E. coli adapts to various conditions the cell needs to rapidly and efficiently express 
new genes; one of the most important responses is the stringent response. As addressed in 
previous chapters, both bipA and relA are involved in the stringent response – BipA at the 
translational level, and RelA at the level of transcription. Numerous studies have indicated that 
RelA functions by impacting the transcriptional capacity of a cell upon a change in its 
environment (86, 97). Other studies have suggested that BipA acts downstream of transcriptional 
control, although indirectly connected to the stringent response by binding ppGpp (8). Our 
previous work suggests that BipA has a role in the efficient translation of new mRNA into 
protein needed for the cell to adapt rapidly to new conditions.  
The synthesis of new RNAs is a process that is tightly regulated. These RNAs result from 
complex networks of gene expression that help cells respond to various biological or 
environmental changes (113, 114). Studies that explore phenotypic variation often use RNA 
sequencing (RNA-Seq) to look at the genes that are differential expressed under different 
conditions (115). To test the hypothesis that BipA is involved in translation rather than 
transcription during the stringent response I utilized RNA-Seq. RNA-seq can be used to create a 
profile of genes that are being expressed or repressed under certain conditions.  
If BipA is involved in transcription like RelA I might expect to see a similar expression 
profile between relA and bipA strains under adaptation conditions, especially since they seem to 
behave physiologically identically under adaptation conditions as discussed in Chapter 2.  If 
BipA were involved either directly or indirectly in translation, then bipA mutants would be 
expected to have an expression profile in which the responsive transcripts are made but only 
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slowly translated into protein for the cell to respond in good time. In this series of experiments, I 
first looked at expression profiles in cells growing in batch culture. Then I exposed cultures of E. 
coli BW25113 and its ∆bipA and ∆relA derivatives to either ethanol or hydrogen peroxide as was 
described in Chapters 1 and 2. I then compared expression profiles to determine which genes 




















Materials and Methods 
 
Strains and cell culture 
 
Cultures of E. coli BW25113 (F- Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-
1, Δ(rhaD-rhaB)568, hsdR514), an isogenic ΔbipA (F- Δ(araD-araB)567, ΔlacZ4787(::rrnB-
3), λ-, rph-1, ΔbipA733::kan, Δ(rhaD-rhaB)568, hsdR514) and an isogenic ∆relA (F- Δ(araD-
araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔrelA782::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514) were 
grown in M9 minimal medium plus glucose and thiamine (31) overnight at 37˚C in 30 mL of 
medium in 300 mL nephelometer (side-arm) flasks in a Forma Scientific 4518 orbital shaker or 
in a New Brunswick Scientific Innova 43 orbital shaker at 225 rpm. The side-arms of the 
nephelometer flasks are designed to fit a Klett-Summerson colorimeter, one Klett unit is equal to 
an optical density (OD600) of 0.02. After growth overnight cell density was standardized and 
diluted into fresh pre-warmed medium. After the initial dilution a reading was taken and then 
again for every 20 minutes until the first hour and then every hour until stationary phase was 
reached and maintained for at least three hours. Once the cultures had reached mid-log (OD 0.5) 
either ethanol was added to 4%  (667mM) or hydrogen peroxide to 1mM. It is important to note 
that ammonia chloride was added to 40 mM to all flasks because of the extra nitrogen needed for 
the ∆relA strain to grow as noted in Chapter 2.  
Sample collection for RNAseq 
 
 Samples (4 mL) were collected on ice 30 minutes after the addition of the either ethanol 
or hydrogen peroxide. One mL samples were aliquoted in triplicate into microcentrifuge tubes 
held on ice. The samples were then spun down by centrifugation at 12,000 rpm for 30 seconds at 
4˚C and the culture supernatant was removed. The pelleted samples were stored in a -80˚C 
freezer until all samples were collected. Once all samples had been collected, the three samples 
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per flask were transferred on dry ice to the Center for Genome Innovation (CGI) at the 
University of Connecticut, Storrs CT for sequencing (Fig. 1 and Table 1). As a control I 
confirmed the absence of bipA in the ∆bipA strain by PCR and by looking for bipA message in 
the strains. A similar control was done for relA in the ∆relA strain. 
RNAseq analysis 
 
At the CGI, RNA was extracted using a Qiagen RNeasy Micro Plus Kit and then quality 
controlled using an Agilent TapeStation RNA High Sensitivity Assay. Next, bacterial ribosomal 
RNA was depleted using an Invitrogen RiboMinus Transcriptome Isolation Kit. Library 
preparation was then conducted using the Illumina TruSeq kit. The samples were sequenced 
using an Illumina NextSeq Mid Output 150 cycle kit version 2.5. Sequences were analyzed using 
CLC Genomics Workbench 12 and compared to an E. coli BW25113 (NZ-CP009273) reference 
genome downloaded from GenBank. Calculations of p-value and fold-change were done using 
Reads Per Kilobase of transcript, per Million mapped reads (RPKM) values in the Differential 
Expression for RNA-Seq tool in CLC Genomics Workbench (Fig. 1). No further rRNA removal 
was done because of how well the depletion worked. The files were then exported into Microsoft 
Excel where low read counts <15 for all samples were filtered out, and differentially expressed 
genes were defined as those having > or < 2 fold change (FC) and depicted as log2FC.  
For control flasks (e.g. BW25113 BW_CA, BW_CB, BW_CC, BW_CD, etc.) duplicates 
from four flasks were used for the analysis for a total of eight samples. In the case of mutants 
exposed to ethanol or H2O2, duplicates from two separate flasks were analyzed for a total of four 
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Figure 1. Sample collection and sequencing of RNAseq samples using Illumina NextSeq. 
Data analysis was conducted using CLC genomics workbench.  
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Experiment 1: Ethanol ∆BipA 37˚C 30 minutes post addition 
BW25113 Control A (BW_CA) 
BW25113 Ethanol A (BW_EA) 
∆BipA Control A (BipA_CA) 
∆BipA Control B (BipA_CB) 
∆BipA Ethanol A (BipA_EA) 
∆BipA Ethanol B (BipA_EB) 
Experiment 2: H2O2 BipA 30˚C 30 minutes post addition 
BW25113 Control B (BW_CB) 
BW25113 H2O2 A (BW_HA) 
∆BipA Control C (BipA_CC) 
∆BipA Control D (BipA_CD) 
∆BipA H2O2 A (BipA_HA) 
∆BipA H2O2 B (BipA_HB) 
∆BipA Control C (BipA_CC) 
∆BipA Control D (BipA_CD) 
∆BipA H2O2 A (BipA_HA) 
∆BipA H2O2 B (BipA_HB) 
Experiment 3: Ethanol RelA 37˚C 30 minutes post addition 
BW25113 Control C (BW_CC) 
BW25113 Ethanol B (BW_EB) 
∆RelA Control A (RelA_CA) 
∆RelA Control B (RelA_CB) 
∆RelA Ethanol A (RelA_EA) 
∆RelA Ethanol B (RelA_EB) 
Experiment 4: H2O2 RelA 30˚C 30 minutes post addition 
BW25113 Control D (BW_CD) 
BW25113 H2O2 B (BW_HB) 
∆RelA Control C (RelA_CC) 
∆RelA Control D (RelA_CD) 
∆RelA H2O2 A (RelA_HA) 
∆RelA H2O2 B (RelA_HB) 
  




Cells were collected either at mid-log for the comparisons of balanced growth, or 30 min 
for H2O2 or ethanol comparisons, as this corresponded with the beginning of recovery of the WT 
from exposure as seen in Chapter 1. Differences in gene expression were considered significant 
if the log2 fold change was ± 1 which equates to a fold change of 2 in either direction. In the case 
of exposure to either ethanol or hydrogen peroxide, I specifically looked at certain genes that 
have previously been associated with adaptation, regardless of the log2 fold change. Genes were 
also filtered out for low reads, that is, those having RPKMs <15 regardless of the condition I was 
looking at. A high p-value (>0.05) corresponded to no significant change between samples. 
Transcriptome Analysis of ∆bipA and ∆relA During Balanced Growth 
 
There were few differences between the wild-type BW25113 and its ∆bipA strain when 
samples are taken during mid-log growth with no added adaptation (Fig. 2). Only 12 out of 4,490 
genes were found to be differentially expressed between the wild-type or the bipA deletion strain 
(Table 2). Five showed higher expression in the ∆bipA strain compared to WT BW25113 while 
seven are more highly expressed in WT as compared to the bipA deletion strain. Amongst the 
genes that were differentially expressed there were no obvious regulatory trends and may simply 
reflect the noise inherent in the experimental approach (Table 2).  
By contrast, 218 genes are moderately differentially expressed when comparing the wild-
type and the ∆relA strain during normal growth (Fig. 3). Of these, 151 are more highly expressed 
in the ∆relA strain while 67 have a higher expression in the WT BW25113. Genes highly 
expressed in the ∆relA strain as compared to the WT are mainly involved in motility (52 
including cheA,B,R,W,Y,Z, flgA,B,C,D,E,F,G,H,I,J,K,L,M,N, flhA,B,C,D,E, 
fliA,C,D,E,F,G,H,I,J,K,L,M,N,O,P,Q,R,S,T,Z, motA,B, tap,tar, tsr, ycgR, yecR and yhjH), and 
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iron acquisition (32 including efeB,O,U, entA,B,C,D,E,,F,H,S, fecA,B,E,I,R, feoA,B,C, 
fepA,B,C,G, fes, fhuE,F, mntH, ryhB, ybdZ, ybil, ybiX, and yncE).  This makes sense since 
ppGpp, the product of RelA, is a negative regulator for flagellar genes and motility (116, 117). 
While a higher expression of the iron acquisition genes can be attributed to the response being 
regulated by ppGpp made by specifically by SpoT but these responses are complex in nature 
(102). Genes more highly expressed in the wild-type strain are involved in glycolysis and TCA 
cycle (including fbaAB, fbp, gpmA, pfkB, pgi, pgk, phoA, ppsA, pykA, ybhA; mdh, icd, gtA, 
fumA,CD, acnAB, aceA,B, nuoF,H,I,J,K,L, pfo, prpB, and sdhA,B,C,D, sucABCD), oxidative 
stress (katG, sodB) fatty acid degradation (fadB,fadE, fadIJ)  (Table 3). Among the amino acid 
biosynthesis pathways, only L-arg biosynthesis was higher in the relA strains with the remainder 
being higher in the WT consistent with positive control exerted by ppGpp at the transcriptional 
level. The overall picture is one of general unbalancing of some metabolic control as has been 
observed previously in strains lacking relA (71, 98, 100–105). For our purposes, I conclude that 
the effect of a bipA deletion is minimal compared to the effect of a relA deletion indicating that, 
during balanced growth, continual RelA control is essential to maintain metabolic homeostasis 
but BipA is not necessary. On the other hand, BipA binds ppGpp. Absent that signal, relA cells 
behave like bipA strains and likely indicates that BipA’s main function is to respond to a change 
in environmental conditions mediated by ppGpp. 
Transcriptome Analysis of ∆bipA and ∆relA During Ethanol Stress 
 
 Previous studies have shown that ethanol exposure is in part regulated by the global 
regulator CRP and the heat shock response while also having an adverse effect on the plasma 
membrane (64, 65, 118, 119). When strains are exposed to sub-lethal levels of ethanol (4%) (Fig. 
 86 
4) I found 273 genes out of 4,490 differentially expressed in at least one of the strains tested 
(Appendix IV Table 1).  
Because of the number of genes that were expressed I looked at the genes affected by 
ethanol exposure. When looking at a subset of genes turned on by CRP (Table 4) most genes are 
highly expressed in the cultures treated with ethanol regardless of strain. Also, the differences in 
the expression between the WT and ∆bipA and ∆relA strains are minimal (crp, exuT, grpE, sdhC, 
and xylA) (Table 4). As expected, genes linked to the heat-shock response also show a higher 
expression in cultures exposed to ethanol rather than the controls in all cases. Like the genes 
upregulated by CRP there are few differences between the strains. There are a few genes with 
differences between the strains. In the ∆bipA strain, the chaperone gene groL has a higher level 
of expression as compared to WT or ∆relA (Table 4). This suggests that a strain lacking bipA is 
able to make the transcripts necessary to respond but is unable to make the protein leading to a 
lag in growth resumption (Fig. 4). There are also a few genes that have a lower level of 
expression in the ∆bipA deletion strain as compared to the WT (hslO, hslR, hspQ), while hspQ is 
also lower in the ∆relA strain (Table 4). These differences suggest that both ∆bipA and the ∆relA 
strains are able to make the transcripts in response to ethanol but not the cognate proteins.  
Transcriptome Analysis of ∆bipA and ∆relA During Hydrogen Peroxide Stress 
 
 When strains are exposed to sub-lethal levels of H2O2, the oxidative stress response is 
initiated under the control of the OxyR regulon (63).  Previous work has shown that the response 
is quite broad and complex and involves OxyR specific gene expression and follow-on changes 
in expression for much of the genome (62, 63). To look at the way our strains responded, I 
exposed strains to 1mM H2O2 at mid-log and samples were taken 30 minutes after exposure (Fig. 
5). In total there were 990 genes out of 4,490 that were differentially expressed in at least one of 
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the strains tested, which is clearly too complex a response to assess (Appendix IV Table 2). 
Instead, I focused on genes regulated by OxyR. Genes upregulated by OxyR are more highly 
upregulated in both the ∆bipA and ∆relA strains compared to the WT (Table 5).  This differential 
expression in the deletion strains suggests that the WT strain is recovering and that the deletion 
strains have been unable to make the proteins responsible for detoxification and retain high 
levels of mRNA. For the ∆bipA strain, the lack of response is due to the lack of BipA’s action on 
translation; for the ∆relA strain, I propose that the lack of response is due to the low level of 
ppGpp not allowing BipA to have a positive effect on translation. It is likely that, in this 
experiment, where samples were taken 30 minutes after addition, the wild-type strain had 
recovered from the exposure to hydrogen peroxide, as shown by its continued growth, whereas 
the mutant had not due to an inability to synthesize ppGpp (Fig. 5).  
In the ∆bipA strain the OxyR controlled genes I observed also had a higher expression 
than the wild-type strain. One such gene for which this response is obvious is the log2 FC of 
katG (catalase).  In the WT strain, which had resumed growing at 30 min, levels of the OxyR 
linked mRNA are low (log2FC = 1.90 or about 4-fold relative to untreated controls); in ∆relA 
(log2FC = 4.04 or about 16 fold higher relative to untreated controls) and ∆bipA (log2FC = 4.00 
or about 16 fold higher as well) strains also retain high levels of katG mRNA by comparison. 
Another gene, grxA, that encodes glutaredoxin and that is regulated by OxyR has a similar 
expression pattern to katG, as do the genes for thioredoxin (trxC), and alkylperoxide 
dehydrogenase (ahpF).  In the wild-type, grxA has a log2 fold change of 0.98 (about 2 fold), 
while the ∆relA strain has a much higher expression at 5.31 (or about 48-fold) and the ∆bipA 
strain has a log2 fold change of 4.39 (or about 21-fold) For those genes that are repressed by 
OxyR such as flu, fhuF and fur I see that are repressed in the strains exposed to H2O2. Another 
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interesting result that was seen was the sufABCDES genes. These genes may need both OxyR 
and ppGpp to be turned on since the expression in the ∆relA strain is not similar to either the WT 
or the ∆bipA strain. In this case I see that the expression of these genes in the ∆relA strain is 
higher in the control strain instead of the strain exposed to H2O2 (Table 5, Fig. 6).   
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  Figure 2. Volcano plot of BW25113 ∆bipA Control vs. BW25113 Control. Cut offs were placed on 
the data of a Log2 fold change of ± 1 and a p-value of <0.05. Strains were grown in M9 minimal 















Name Log2 FC p-value Gene product function (BioCyc) 
bssR 1.51 0.00 Biofilm formation 
feoA 1.97 0.00 Ferrous Iron Transport 
fumC 1.35 0.00 Fumarase C 
gcvB 1.12 0.00 Small Regulatory RNA 
upp 1.12 0.00 Uracil Phosphoribosyltransferase 
evgS -1.69 0.00 Sensory Histidine Kinase 
gnsB -1.16 0.00 Qin Prophage 
lamB -1.70 0.00 Sugar Porin 
malE -1.84 0.00 Maltose ABC Transport 
malM -1.39 0.00 Maltose Regulation 
mglB -1.24 0.01 Galactose Transport 
ygaH -1.11 0.00 Valine Transport 
Table 2. Genes with a Log2 fold change (FC) of at least ± 1 and their 
corresponding p-values when E. coli BW25113 ∆bipA Control was compared to 
BW25113 Control. Genes were filtered for low read counts (<15 RPKM). The 



















Figure 3. Volcano plot of BW25113 ∆relA Control/BW25113 Control during balanced growth. 
Cut offs were placed on the data of a Log2 fold change of ± 1 and a p-value of <0.05. Strains 
were grown in M9 minimal medium plus thiamine and glucose. 
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Name Log₂ FC p-value Gene product function (BioCyc) 
aceK -1.02 0.00 Isocitrate Dehydrogenase 
acnA -1.33 0.02 Aconitate Hydratase 
acnB -1.14 0.00 Aconitate Hydratase 
acs -1.65 0.00 Acetyl-CoA Synthetase 
actP -1.65 0.01 Acetate/Glycolate:Cation Symporter 
aldA -1.30 0.00 Aldehyde Dehydrogenase 
cusA -2.39 0.01 Copper/Silver Export System 
cusB -2.17 0.01 Copper/Silver Export System 
cusC -1.63 0.01 Copper/Silver Export System 
cusF -2.02 0.02 Copper/Silver Export System 
cusR -1.28 0.01 Copper Regulation 
cusS -1.48 0.00 Sensor Histidine Kinase 
cysJ -1.00 0.00 Sulfite Reductase 
dppB -1.02 0.00 Dipeptide ABC Transporter 
dppC -1.24 0.00 Dipeptide ABC Transporter 
dppD -1.29 0.00 Dipeptide ABC Transporter 
dppF -1.01 0.00 Dipeptide ABC Transporter 
fadB -1.70 0.04 Fatty Acid Oxidation Complex 
fadE -1.62 0.05 Acyl-CoA Dehydrogenase 
fadI -1.38 0.04 3-ketoacyl-CoA Thiolase 
fadJ -1.20 0.02 3-hydroxyacyl-CoA Dehydrogenase 
fdoH -1.06 0.00 Formate Dehydrogenase 
fumA -1.59 0.00 Fumarase 
fumC -1.64 0.00 Fumarase 
gltA -1.45 0.00 Citrate Synthase 
hcaR -1.14 0.00 Transcriptional Regulator of 3-phenylpropionic Acid 
hchA -2.10 0.05 Deglycase 
katG -1.19 0.03 Catalase 
ldtC -1.17 0.00 L,D-Transpeptidase 
lldP -1.27 0.00 Lactate/Glycolate:H+ Symporter 
lldR -1.02 0.00 L-lactate Regulation 
lrhA -1.09 0.04 Type 1 Fimbriae Regulation 
mhpD -1.13 0.00 2-hydroxypentadienoate Hydratase 
mhpE -1.01 0.00 4-hydroxy-2-oxovalerate Aldolase 
mhpR -1.44 0.00 Transcriptional regulation of 3-hydroxyphenylpropionate 
nrdD -1.37 0.05 Anaerobic Ribonucleoside-Triphosphate Reductase 
nuoF -1.03 0.01 NADH:Quinone Oxidoreductase 
nuoH -1.11 0.01 NADH:Quinone Oxidoreductase 
 
Table 3. Genes with a log2 fold change (FC) of at least ± 1 and their corresponding p-values when E. coli 
BW25113 ∆relA was compared to BW25113 (ratio of relA/WT) during normal growth. Genes were 
filtered for low read counts (<15 RPKM). The Log2 FC reflects the ratio of ∆relA/BW25113. 
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Name Log₂ FC p-value Gene product function (BioCyc) 
nuoI -1.08 0.02 NADH:Quinone Oxidoreductase 
nuoJ -1.01 0.02 NADH:Quinone Oxidoreductase 
nuoK -1.02 0.02 NADH:Quinone Oxidoreductase 
nuoL -1.08 0.01 NADH:Quinone Oxidoreductase 
pfo -2.00 0.03 Pyruvate-flavodoxin Oxidoreductase 
pheP -1.43 0.02 Phenylalanine:H+ Symporter 
phoH -1.46 0.04 ATP-binding Protein 
raiA -1.18 0.04 Ribosome Stability Factor 
rbsA -1.25 0.03 Ribose ABC Transporter 
rbsD -1.01 0.03 D-ribose Pyranase 
rmf -1.28 0.01 Ribosome Modulation Factor 
sdaB -1.57 0.00 L-serine Deaminase 
sdhA -1.85 0.00 Succinate:Quinone Oxidoreductase 
sdhB -1.75 0.00 Succinate:Quinone Oxidoreductase 
sdhC -1.18 0.00 Succinate:Quinone Oxidoreductase 
sdhD -1.40 0.00 Succinate:Quinone Oxidoreductase 
sodB -2.43 0.00 Superoxide Dismutase 
treF -1.10 0.04 Cytoplasmic Trehalase 
yahK -1.00 0.03 Aldehyde Reductase 
ycgZ -1.32 0.01 Two-Component System 
yciF -1.15 0.03 DUF892 Domain-Containing Protein 
yedV -1.34 0.04 Sensory Histidine Kinase 
yedW -1.42 0.04 Two-Component System HprR Regulation 
yejG -1.03 0.00 Protein 
yjcH -1.84 0.03 DUF485 Domain-Containing Inner Membrane Protein 
yoeG -2.79 0.01 Protein 
yoeH -2.91 0.00 Protein 
zinT -1.48 0.03 Metal-Binding Protein 
aer 1.00 0.00 Aerotaxis Sensor Receptor 
alaE 2.96 0.00 L-alanine Exporter 
argF 1.32 0.01 Ornithine Carbamoyltransferase 
argG 1.33 0.00 Argininosuccinate Synthetase 
argI 1.51 0.01 Ornithine Carbamoyltransferase 
artJ 1.05 0.01 L-arginine ABC Transporter 
bglJ 1.66 0.00 Transcriptional Regulator of Arbutin and Salicin 
blr 1.19 0.00 β-lactam Resistance Protein 
cheA 6.16 0.00 Chemotaxis Protein 
cheB 5.27 0.00 Protein-Glutamate Methyltransferase 
cheR 5.67 0.00 Chemotaxis Protein Methyltransferase 
cheW 5.35 0.00 Chemotaxis Protein 




Name Log₂ FC p-value Gene product function (BioCyc) 
cheY 4.82 0.00 Chemotaxis Protein 
cheZ 4.41 0.00 Chemotaxis Protein 
cirA 3.97 0.00 Outer Membrane Transporter 
cnu 1.13 0.00 H-NS- and StpA-Binding Protein 
crfC 2.43 0.00 Replication Fork Colocalization Protein 
dtpA 1.10 0.01 Dipeptide/Tripeptide:H+ Symporter 
efeB 1.86 0.00 Heme-containing Peroxidase/Deferrochelatase 
efeO 2.11 0.00 Ferrous Iron Transport System 
efeU 1.57 0.00 Inactive Ferrous Iron Permease 
entA 2.45 0.00 2,3-dihydro-2,3-dihydroxybenzoate Dehydrogenase 
entB 2.63 0.00 Enterobactin Synthase 
entC 2.27 0.00 Isochorismate Synthase 
entD 3.34 0.00 Phosphopantetheinyl Transferase 
entE 2.48 0.00 2,3-dihydroxybenzoate-[aryl-carrier protein] Ligase 
entF 2.68 0.00 Apo-Serine Activating Enzyme 
entH 2.43 0.00 Proofreading Thioesterase in Enterobactin Biosynthesis 
entS 1.16 0.00 Enterobactin Exporter 
evgA 1.05 0.00 Sensory Histidine Kinase Regulation 
exbB 1.10 0.01 Ton Complex Subunit 
fecA 1.47 0.03 Ferric Citrate Outer Membrane Transporter 
fecB 1.28 0.03 Ferric Citrate ABC Transporter 
fecE 1.12 0.01 Ferric Citrate ABC Transporter 
fecI 1.30 0.03 RNA Polymerase Sigma Factor 
fecR 1.48 0.03 Regulator for Fec Operon 
feoA 2.20 0.01 Ferrous Iron Transport Protein 
feoB 1.41 0.01 Fe2+ Transporter 
feoC 1.34 0.01 Ferrous Iron Transport Protein 
fepA 3.44 0.00 Ferrous Iron Transport Protein 
fepB 1.14 0.01 Ferric Enterobactin Outer Membrane Transporter 
fepC 1.07 0.01 Ferric Enterobactin ABC Transporter 
fepE 1.98 0.01 Ferric Enterobactin ABC Transporter 
fepG 1.03 0.02 Ferric Enterobactin ABC Transporter 
fes 2.34 0.00 Ferric Enterobactin Esterase 
fhuE 2.75 0.00 Ferric Outer Membrane Transporter 
fhuF 1.19 0.00 Hydroxamate Siderophore Iron Reductase 
fimA 1.14 0.00 Type 1 Fimbriae 
fimC 1.11 0.00 Type 1 Fimbriae Periplasmic Chaperone 
fimD 1.09 0.01 Type I Fimbriae Usher Protein 
fimI 1.19 0.00 Putative Fimbrial Protein 




Name Log₂ FC p-value Gene product function (BioCyc) 
fiu 3.89 0.00 Putative Iron Siderophore Outer Membrane Transporter 
flgA 3.02 0.00 Flagellar Basal Body P-ring Formation Protein 
flgB 6.56 0.00 Flagellar Basal-Body Rod Protein 
flgC 5.77 0.00 Flagellar Basal-Body Rod Protein 
flgD 5.80 0.00 Flagellar Biosynthesis 
flgE 5.79 0.00 Flagellar Hook Protein 
flgF 5.22 0.00 Flagellar Basal-Body Rod Protein 
flgG 5.39 0.00 Flagellar Basal-Body Rod Protein 
flgH 5.31 0.00 Flagellar L-ring 
flgI 5.13 0.00 Flagellar P-ring 
flgJ 4.38 0.00 Putative Peptidoglycan Hydrolase 
flgK 4.87 0.00 Flagellar Hook-Filament Junction Protein 
flgL 4.11 0.00 Flagellar Hook-Filament Junction Protein 
flgM 4.02 0.00 Anti-Sigma Factor for FliA (σ28) 
flgN 3.08 0.00 Flagellar Biosynthesis Protein 
flhA 3.25 0.00 Flagellar Biosynthesis Protein 
flhB 4.19 0.00 Flagellar Biosynthesis Protein 
flhC 1.19 0.00 Flagellar Transcriptional Regulator 
flhD 1.46 0.00 Flagellar Transcriptional Regulator 
flhE 2.70 0.00 Flagellar Protein 
fliA 5.51 0.00 RNA Polymerase, Sigma 28 (sigma F) factor 
fliC 5.63 0.00 Flagellar Filament Structural Protein 
fliD 5.28 0.00 Flagellar Filament Capping Protein 
fliE 4.59 0.00 Flagellar Basal-Body Protein 
fliF 5.02 0.00 Flagellar Basal-Body MS-ring and Collar Protein 
fliG 4.89 0.00 Flagellar Motor Switch Protein 
fliH 4.86 0.00 Flagellar Biosynthesis Protein 
fliI 4.74 0.00 Flagellum-specific ATP Synthase 
fliJ 5.62 0.00 Flagellar Biosynthesis Protein 
fliK 4.10 0.00 Flagellar Hook-length Control Protein 
fliL 4.99 0.00 Flagellar Protein 
fliM 4.65 0.00 Flagellar Motor Switch Protein 
fliN 6.02 0.00 Flagellar Motor Switch Protein 
fliO 4.89 0.00 Flagellar Biosynthesis Protein 
fliP 4.25 0.00 Flagellar Biosynthesis Protein 
fliQ 4.59 0.00 Flagellar Biosynthesis Protein 
fliR 3.18 0.00 Flagellar Biosynthesis Protein 
fliS 5.08 0.00 Flagellar Biosynthesis Protein 
fliT 4.39 0.00 Flagellar Biosynthesis Protein 




Name Log₂ FC p-value Gene product function (BioCyc) 
fliZ 4.37 0.00 Motility Transcription Regulator 
gcvB 1.41 0.00 Small Regulatory RNA 
glyX 1.26 0.05 tRNA-Gly 
grcA 1.50 0.00 Stress-Induced Alternate Pyruvate 
insA_1 1.36 0.02 IS1 Protein 
insI1_3 1.24 0.01 IS1 Protein 
insI1_4 1.08 0.00 IS1 Protein 
intG 3.96 0.03 Putative Defective Phage Integrase 
leuV 1.21 0.03 tRNA-Leu 
leuZ 1.49 0.01 tRNA-Leu 
mazE 3.60 0.00 MazE antitoxin  
mazF 3.00 0.00 MazF toxin  
mazG 2.10 0.00 Nucleoside Triphosphate Pyrophosphohydrolase 
mntH 1.76 0.03 Mn2+/Fe2+: H+ Symporter 
modB 1.09 0.00 Molybdate ABC Transporter 
motA 6.63 0.00 Motility Protein 
motB 6.37 0.00 Motility Protein 
mqo 1.17 0.00 Malate:Quinone Oxidoreductase 
nrdE 1.78 0.01 Ribonucleoside-diphosphate Reductase 
nrdF 1.86 0.01 Ribonucleoside-diphosphate Reductase 
nrdH 1.58 0.01 Glutaredoxin-like Protein 
nrdI 1.61 0.01 Dimanganese-tyrosyl Radical Cofactor Maintenance Flavodoxin 
pdhR 1.13 0.00 Pyruvate Dehydrogenase Complex Regulator 
pinR 1.78 0.01 Rac Prophage 
rpoE 1.11 0.01 RNA Polymerase Sigma E Factor 
ryhB 2.41 0.01 Small Regulatory RNA 
shiA 1.28 0.00 Shikimate:H+ Symporter 
sufD 1.10 0.04 Fe-S Cluster Scaffold Complex 
sufE 1.17 0.02 Sulfur Carrier Protein 
sufS 1.09 0.03 L-cysteine Desulfurase 
tap 6.93 0.00 Methyl-accepting Chemotaxis Protein 
tar 7.33 0.00 Methyl-accepting Chemotaxis Protein 
tsgA 1.15 0.01 Putative Transporter 
tsr 4.75 0.00 Methyl-accepting Chemotaxis Protein 
tusA 1.00 0.00 Sulfur Transfer Protein 
ves 2.61 0.00 HutD Family Protein 
yagU 1.34 0.00 Inner Membrane Protein  
ybdZ 2.52 0.01 Enterobactin Biosynthesis Protein 
ybfA 1.34 0.02 DUF2517 Domain-containing Protein 




Name Log₂ FC p-value Gene product function (BioCyc) 
ybiI 2.47 0.00 Zinc Finger Domain-containing Protein 
ybiX 3.52 0.00 PKHD-type Hydroxylase 
ycgR 2.29 0.00 Flagellar Brake Protein 
ydfK 4.70 0.02 Qin Prophage; Cold Shock Protein 
yecR 3.76 0.02 Lipoprotein 
yedL 1.15 0.02 Putative Acetyltransferase 
yeiG 1.06 0.00 S-formylglutathione Hydrolase / S-lactoylglutathione Hydrolase 
yfeK 1.80 0.00 DUF5329 Domain-Containing Protein 
ygaC 1.29 0.02 Protein 
yhjH 6.00 0.00 C-Di-GMP Phosphodiesterase 
yjcB 1.25 0.00 Uncharacterized Protein 
yjcZ 3.99 0.00 Uncharacterized Protein 
yjjL 1.66 0.00 Galactonate:H+ Symporter 
yjjZ 2.89 0.02 DUF1435 Domain-containing Protein 
ymdA 2.79 0.01 Uncharacterized Protein 
ynaE 1.01 0.05 Rac Prophage 
yncE 2.53 0.00 PQQ-like Domain-containing Protein 
ynjH 1.15 0.00 DUF1496 Domain-containing Protein 
ypdK 1.23 0.02 Uncharacterized Membrane Protein 













Table 2 (cont.) 
 

















Figure 4. Effects of sub-lethal levels of ethanol on E. coli BW25113 and its ∆bipA and ∆relA 
derivatives. Strains were grown at 37˚C in M9 minimal medium plus glucose and thiamine at the 
arrow ethanol was added to 4% and 30 minutes after samples were removed for RNA sequencing 
(blue box). Values are the result of the average of two biological replicates that did not differ by 





  BW25113  
(Ethanol/Control) 
∆bipA (Ethanol/Control) ∆relA (Ethanol/Control) 
Pathway Name Log₂ FC P-value Log₂ FC P-value Log₂ FC P-value 
CRP 
aspA -0.46 0.06 1.35 0.06 0.55 0.03 
crp 0.26 0.27 0.29 0.01 0.39 0.00 
exuT 0.23 0.17 0.61 0.05 0.43 0.05 
grpE 2.23 0.04 1.87 0.00 2.36 0.00 
preT 0.67 0.42 1.49 0.00 -0.65 0.04 
sdhC -2.27 0.01 -3.98 0.00 -2.59 0.11 
xylA 0.52 0.03 0.30 0.10 0.73 0.01 
HSP 
dnaJ 1.74 0.01 1.53 0.00 1.48 0.00 
dnaK 2.35 0.03 2.13 0.00 2.25 0.00 
groL 2.56 0.00 3.33 0.00 2.26 0.00 
groS 2.40 0.00 2.83 0.00 1.99 0.00 
hslO 2.19 0.07 1.34 0.00 2.51 0.00 
hslR 2.22 0.07 1.16 0.01 2.33 0.00 
hslU 2.04 0.01 2.24 0.00 2.12 0.00 
hspQ 1.25 0.05 0.12 0.18 0.96 0.00 
htpG 2.29 0.02 2.47 0.00 2.29 0.00 
pspA 0.60 0.03 0.97 0.00 1.00 0.01 
 
  
Table 4. Genes involved in the CRP and Heat shock when E. coli BW25113, and its ∆bipA and 
∆relA derivatives were exposed to 4% ethanol. Each experiment was compared to their respective 
controls. Genes were filtered for low read counts (<15 RPKM). A p-value >0.05 denotes no 




























Figure 5. Effects of sub-lethal levels of hydrogen peroxide on E. coli BW25113 and 
its ∆bipA and ∆relA derivatives. Strains were grown at 30˚C in M9 minimal medium 
plus glucose and thiamine at the arrow hydrogen peroxide was added to 1mM and 30 
minutes after samples were removed for RNA sequencing. Values are the result of 











Pathway Genes Log₂ FC p-value Log₂ FC p-value Log₂ FC P-value 
OxyR Regulon 
ahpC 0.71 0.02 0.81 0.00 2.40 0.00 
ahpF 0.34 0.05 1.98 0.00 3.04 0.00 
dps 2.85 0.00 5.23 0.00 4.63 0.00 
dsbG 0.60 0.01 0.95 0.00 -0.97 0.00 
flu -0.73 0.29 -0.56 0.00 -0.86 0.00 
fhuF 0.03 0.88 0.24 0.05 -0.74 0.00 
fur -0.40 0.04 -0.32 0.00 0.13 0.10 
gor 0.60 0.00 0.40 0.00 0.59 0.00 
grxA 0.98 0.04 4.39 0.00 5.31 0.01 
hemH 1.32 0.00 1.32 0.00 1.14 0.01 
katG 1.90 0.07 4.04 0.00 4.00 0.00 
sufA 1.21 0.00 2.13 0.00 0.52 0.06 
sufB 0.79 0.01 1.57 0.00 -0.32 0.12 
sufC 0.80 0.01 1.49 0.00 -0.65 0.06 
sufD 0.86 0.00 1.52 0.00 -0.74 0.03 
sufE 0.88 0.00 1.78 0.00 -1.66 0.00 
sufS 0.90 0.00 1.70 0.00 -1.05 0.02 
trxC 0.47 0.12 1.92 0.01 3.18 0.00 
yaaA 0.25 0.05 0.18 0.27 1.38 0.00 
yaiA 0.89 0.00 1.78 0.00 0.40 0.02 
ybjM 0.28 0.13 2.81 0.00 1.55 0.00 
yljA 0.59 0.01 1.81 0.00 -0.19 0.13 
 
  
Table 5. Log2 fold change (FC) and their corresponding p-values of genes regulated by OxyR. 
Values reflect 30 minutes after E. coli BW25113, and its ∆bipA and ∆relA derivatives were 
exposed to 1mM H2O2. Each experiment was compared to their respective controls. Genes were 
filtered for low read counts (<15 RPKM). A p-value >0.05 denotes no statistical difference 












Figure 6. Log2 Fold Change (FC) of genes induced or repressed by the OxyR 
regulon upon exposure to sub-lethal H2O2.  Bars are derived from the RPKM averages 
of four replicates treated with H2O2 divided by the average of four untreated controls 
(BW25113 + H2O2/BW25113; bipA+ H2O2/bipA; relA + H2O2/relA) taken 30 min 
after H2O2 treatment at 30°C.  Genes shown are induced as part of the OxyR regulon, 
except for flu, fhuF, fur and gor, which are repressed by OxyR. The suf operon 





 Initially, I was trying to determine if there are major changes in the transcriptome in a 
strain lacking bipA as compared to the wild-type strain. During normal growth conditions there 
are minimal differences between the ∆bipA strain and the wild-type when samples are taken at 
mid-log (Table 2). The major conclusion is that strains lacking BipA look essentially the same at 
the level of bulk growth, and at the level of transcription during normal balanced growth. This 
means that BipA is likely not doing very much during normal growth, unlike RelA. For ∆relA 
strains compared to the wild-type strain there were 218 genes that had a either a higher or a 
lower level of expression (Table 3). This is likely due to the known link of relA with the 
transcriptional response to stress in bacteria and also to the normal house-keeping function of 
ppGpp during growth as cells continually respond to changes and microchanges in growth media 
and the environment (86, 97).  
To investigate the role of both bipA and relA in the adaptation response of bacteria I 
further looked at the transcriptomes 30 minutes after exposure to sub-lethal levels of ethanol and 
hydrogen peroxide. For exposure to ethanol, I looked at genes known to be activated by CRP and 
the heat shock response which is turned on in response to sub-lethal levels of ethanol (64, 65). 
When looking at these genes there is a similarity in the expression levels between both the WT 
and the bipA and relA strains, although the differential transcription of genes in these regulons 
was generally higher in the deletion strains. These observations (Table 4) plus the physiological 
lags (Fig. 4) suggest that the WT strain is responding quickly at the transcriptional level and is 
able to recover but more slowly. Similarly, the relA strain is able to make the transcripts needed 
to respond but has a lag in growth resumption relative to untreated controls because there may 
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not be a sufficient level of ppGpp for BipA to act at the translational level.  In both strains, this is 
evidenced by the lag in growth that was seen upon exposure to ethanol (Fig. 4). 
 The response to H2O2 presents a clearer picture of this delay since both bipA and relA 
strains stop growing upon exposure at 30˚C even though appropriate mRNAs are being made.  
When looking at the response of the strains to 1mM hydrogen peroxide the levels of expression 
show that both the strain lacking relA and the strain lacking bipA have similar profiles (Table 5). 
For both strains those genes that are turned on by OxyR have a higher Log2 fold change in the 
cultures exposed to H2O2. While those that are suppressed by OxyR (flu, fhuF and fur) are indeed 
suppressed in those cultures that were exposed to H2O2. I also saw that induction of suf genes 
was not seen in the strain lacking relA this may be because of the lack of ppGpp. These results 
suggest that both strains have a growth cessation and an accumulation of transcripts (Fig. 5). 
This suggest that the bipA strain has made the transcripts needed to respond but is unable to 
translate them into the proteins needed to eliminate the hydrogen peroxide. One reason this may 
be occurring is that EF-G is oxidized in the presence of hydrogen peroxide and therefore may not 
be able to be removed from the ribosome leading to growth cessation (67, 68). This could be 
because BipA responds to levels of ppGpp in the environment and would remove EF-G from the 
ribosome to allow for efficient translation of necessary proteins to deal with hydrogen peroxide 
exposure. A similar result would be seen in the strain lacking RelA because not enough ppGpp 
would be made for BipA to remove EF-G.  
 The data presented here suggests that relA is the transcriptional link in the adaptational 
response while bipA may be the translational link that is needed to make the proteins essential for 
a bacterium to respond. More specifically, I believe that BipA is responding to levels of ppGpp 
made by RelA and SpoT in the cell and thus has a delayed response in resuming growth due to a 
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delay in translation.  Even if strains have an intact BipA, if ppGpp is not present, BipA cannot 
function to promote translation as is the case in the ∆relA strain. I believe that it would be helpful 
to repeat a similar experiment with a time-course to further capture the transcriptome profiles 

























 Work from the previous chapter suggests that there is a functional relationship between 
BipA and RelA since their respective mutants behave similarly when forced to adapt to various 
conditions.  Indeed, double mutants of bipA and relA grow very poorly.  Previous studies have 
shown that BipA, Rel, RelA, and SpoT are highly conserved proteins in bacteria in the RSH 
family (3, 89). The RelA/SpoT homologue (RSH) proteins are a class of enzymes known to 
regulate the concentration of the alarmone ppGpp (120). In E. coli, RelA and SpoT perform this 
function (89). As previously discussed in Chapter 2, RelA can synthesize ppGpp. SpoT, a 
bifunctional protein, has weak ppGpp synthesis capability and strong ppGpp degradation activity 
mediated through a hydrolysis domain (89, 93). In many bacteria Rel has bifunctional 
capabilities that can synthesize and degrade ppGpp similar to SpoT (121–124). RelA and SpoT 
are thought to have evolved by gene duplication from an ancestral Rel (120).  
Previous studies have shown that genes encoding Rel are present in all major classes of 
bacteria except the Chlamydiales, Verrucomicrobia and Planctomycetes (89). The genes for 
RelA and SpoT are found in b and g-proteobacteria (89). Bacteria lacking RSHs tend to be 
obligate intracellular parasites and endosymbionts (89). A study looking at the phylogenetic 
distribution of typA (bipA) found it in all bacterial genomes examined except those in the classes 
of Mollicutes, Spirochaetes, Chlamydiae, Thermus-Deinococcus, Aquificae, and Thermotogae 
(3). The same study observed that bipA was absent from genomes smaller than 1.5 Mb which are 
common amongst endosymbionts (3). 
 After reviewing these previous studies, I decided to look at a subset of currently 
annotated genomes to see if there was a pattern in the co-occurrence or co-absence of the genes 
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for Rel, RelA, SpoT, and BipA. A pattern in the absence of these genes could imply a connection 
between the proteins during adaptation. If a class of bacteria has lost, or lacks, all four proteins it 
could be because the organisms no longer have a need to readily adapt. Even if some classes are 
missing a combination of these proteins it could point to the organisms no longer having a need 
to adapt and thus are beginning to lose the proteins for adaptation. For this study I looked at a 
total of 1,560 finished genomes across the various classes of Bacteria and Archaea. I found 
results that are consistent with previous studies on the individual proteins but find that some 

















Materials and Methods 
 
 To do this assessment I first utilized the BLAST function on the Integrated Microbial 
Genomes and Microbiomes (IMG) (https://img.jgi.doe.gov). There were a total of 3,273 finished 
bacterial and 172 finished archaeal genomes in the database at the time of the study. I selected 
1,433 bacterial genomes and 127 archaeal genomes to look for the proteins by removing 
duplicate species (such as numerous E. coli strain sequences). Protein sequences of BipA, Rel, 
RelA and SpoT were downloaded from UniProt. Cut-offs were put in place to identify whether a 
protein was present or not. For BipA, I looked for a percent identity to be above 45% and an E-
value of at least 0. I chose this cutoff because after looking at the results most of those proteins 
below were not actually BipA but proteins that are share a lineage with BipA including EF-G. 
For Rel, RelA and SpoT the percent identity would have to be above 20% and an E-value of 
atleast 0 for the protein to be present. This cutoff was chosen because all proteins were either 
Rel, RelA or SpoT. To determine if two proteins were co-related a 2x2 table for each 
combination of the 4 proteins was calculated and then using R a simple Chi-squared test was 
performed and a p-value was calculated. For the Chi-squared test the null hypothesis was that the 
two proteins in each scenario are independent on one another. While the alternate hypothesis is 










 Most (1,277 out of 1,433) of the genomes had sequences corresponding to relA, rel, spoT 
and bipA. Table 2 lists organisms that lack one or more of the genes. A total of 108 lacked bipA, 
88 lacked relA, 83 lacked rel and 83 lacked spoT. Of the 127 archaeal genomes, 121 lacked bipA, 
119 lacked relA, 110 lacked rel and 109 lacked spoT. Of all of the genomes examined, 40 
bacterial and 106 archaeal genomes had none of the genes for the four proteins. The genes rel, 
relA, and spoT were absent in 43 bacterial genomes and 104 archaeal genomes that did not have 
bipA (Table 1). Such variability observed in both prokaryotic domains suggests that such genes 
are not always essential for growth.  
Upon further inspection, 39 of the 108 bacteria that are missing bipA are thermophiles. A 
total of 103 of the bacterial genomes are from symbionts (in the broad sense including 
pathogens, commensals, and mutualists); 28 are missing only bipA, 34 are missing rel, relA and 
spoT, and 40 are missing bipA, relA and spoT. Members of the Chlamydiales were the only class 
that did not have bipA, rel, relA and spoT. I confirm the results seen in previous studies where 
rel, relA and spoT are not found in the Verrumicrobiota (89). The same study also found that 
these proteins were missing in the Planctomycetes but I did observe that some have relA and 
spoT.  I further confirmed results of a previous study showing the absence of typA (bipA) in 
Mollicutes, Spirochaetes, Chlamydiae, Thermus-Deinococcus, Aquificae, and Thermotogae (3) 
(Table 2).  
 Among genomes without relA, 77% also did not have bipA. While among those with 
relA, only 5% did not have BipA (Table 3). These proportions were significantly different using 
a chi-squared test, therefore the absence of relA is associated with the absence of bipA (Table 4). 
Similar results were seen for the other proteins. In genomes without spoT, 77% did not have 
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bipA, and 6% of those with spoT are missing bipA. As expected, out of those genomes missing 
relA, 99% of them are also missing spoT, while 1% of those who have spoT will not have relA. A 
similar result was seen in the relationship between relA and rel. Out of those genomes missing 
rel, 99% of them were missing relA and 99% of those missing spoT were also missing rel (Table 
3). This result is to be expected because of the functional redundancy aspect of Rel, RelA, and 
SpoT. All of these proportions were significantly different as seen in the chi-squared test, and 































BipA 108/1433 (0.075) 121/127 (0.953) 229/1560 (0.147) 
Rel 83 (0.058) 110 (0.866) 193 (0.124) 
RelA 88 (0.061) 119 (0.937) 207 (0.133) 
SpoT 83 (0.058) 109 (0.858) 192 (0.123) 
BipA/RelA 40 (0.028)  119 (0.937) 159 (0.102) 
BipA/Rel 40 (0.028) 109 (0.858) 149 (0.095) 
BipA/SpoT 40 (0.028) 109 (0.858) 149 (0.095) 
RelA/Rel 83 (0.058) 107 (0.842) 190 (0.122) 
RelA/SpoT 83 (0.058) 107 (0.842) 190 (0.122) 
Rel/SpoT 83 (0.058) 108 (0.85) 191 (0.122) 
BipA/RelA/SpoT 40 (0.028) 107 (0.842) 147 (0.094) 
Rel/RelA/SpoT 83 (0.058) 106 (0.835) 189 (0.121) 







Table 1. Number out of 1,560 genomes that are missing at least one of the proteins and their frequencies in 
parentheses.  
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Acidothermus cellulolyticus 11B             Actinobacteria 
Tropheryma whipplei sv. 2A Twist             Actinobacteria 
Tropheryma whipplei TW08/27             Actinobacteria 
Gordonibacter pamelaeae 7-10-1-bT, DSM 
19378             Actinobacteria 
Rubrobacter xylanophilus DSM 9941             Actinobacteria 
Aquifex aeolicus VF5             Aquificae 
Thermovibrio ammonificans HB-1             Aquificae 
Bacteroides xylanisolvens XB1A             Bacteroidetes 
Candidatus Azobacteroides 
pseudotrichonymphae gv. CFP2             Bacteroidetes 
Blattabacterium cuenoti BPAA             Bacteroidetes 
Blattabacterium sp. (Nauphoeta cinerea)             Bacteroidetes 
Blattabacterium sp. Bge             Bacteroidetes 
Candidatus Sulcia muelleri BGSS              Bacteroidetes 
Candidatus Sulcia muelleri GWSS             Bacteroidetes 
Candidatus Sulcia muelleri Sulcia-ALF             Bacteroidetes 
Candidatus Uzinura diaspidicola ASNER             Bacteroidetes 
Candidatus Protochlamydia amoebophila 
UWE25             Chlamydiae 
Endosymbiont of Llaveia axin axin             Bacteroidetes 
Caldisericum exile AZM16c01, NBRC 
104410             Caldiserica 
Chlamydia abortus S26/3             Chlamydiae 
Chlamydia caviae GPIC             Chlamydiae 
Chlamydia felis Fe/C-56             Chlamydiae 
Chlamydia muridarum MoPn / Nigg             Chlamydiae 
Chlamydia muridarum Nigg 2 MCR             Chlamydiae 
 
Key: Absent  
         Present 








Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Chlamydia pecorum E58             Chlamydiae 
Chlamydia pecorum W73             Chlamydiae 
Chlamydia pneumoniae AR39             Chlamydiae 
Chlamydia pneumoniae J138             Chlamydiae 
Chlamydia psittaci 01DC12             Chlamydiae 
Chlamydia psittaci 84/55             Chlamydiae 
Chlamydia trachomatis A2497             Chlamydiae 
Chlamydia trachomatis D/SotonD6             Chlamydiae 
Chlamydia trachomatis IU888             Chlamydiae 
Parachlamydia acanthamoebae UV7             Chlamydiae 
Simkania negevensis Z, ATCC VR-1471             Chlamydiae 
Waddlia chondrophila WSU 86-1044             Chlamydiae 
Sphaerobacter thermophilus 4ac11, DSM 
20745             Chloroflexi 
Thermobaculum terrenum YNP1, ATCC 
BAA-798             Chloroflexi 
Thermomicrobium roseum DSM 5159             Chloroflexi 
Marinithermus hydrothermalis T1, DSM 
14884             
Deinococcus-
Thermus 
Dictyoglomus thermophilum H-6-12, ATCC 
35947             Dictyoglomi 
Dictyoglomus turgidum DSM 6724             Dictyoglomi 
Candidatus Arthromitus sp. SFB-mouse-
Japan             Firmicutes 
Candidatus Arthromitus sp. SFB-mouse-NL             Firmicutes 
Clostridium botulinum F 230613             Firmicutes 
 
  
Table 2 continued. Genomes with missing proteins and classifications 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Thermaerobacter marianensis 7p75a, DSM 
12885             Firmicutes 
Candidatus Desulforudis audaxviator 
MP104C             Firmicutes 
Desulfofundulus kuznetsovii DSM 6115             Firmicutes 
Pelotomaculum thermopropionicum SI             Firmicutes 
Ammonifex degensii KC4             Firmicutes 
Eubacterium siraeum 70/3             Firmicutes 
Halothermothrix orenii H 168             Firmicutes 
Syntrophomonas wolfei Goettingen, DSM 
2245B             Firmicutes 
Syntrophothermus lipocalidus DSM 12680             Firmicutes 
Caldicellulosiruptor saccharolyticus DSM 
8903             Firmicutes 
Carboxydothermus hydrogenoformans Z-
2901             Firmicutes 
Thermacetogenium phaeum PB, DSM 12270             Firmicutes 
Thermanaeromonas toyohensis ToBE, DSM 
14490             Firmicutes 
Thermosediminibacter oceani JW/IW-1228P, 
DSM 16646             Firmicutes 
Faecalitalea cylindroides T2-87             Firmicutes 
Megamonas hypermegale ART12/1             Firmicutes 
Thermodesulfovibrio yellowstonii DSM 
11347             Nitrospirae 
Phycisphaera mikurensis NBRC 102666             Planctomycetes 
Phycisphaerae bacterium L21-RPul-D3             Planctomycetes 
Isosphaera pallida IS1B, ATCC 43644             Planctomycetes 
 
Table 2 continued. Genomes with missing proteins and classifications 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Singulisphaera acidiphila MOB10, DSM 
18658             Planctomycetes 
Pirellula staleyi DSM 6068             Planctomycetes 
Planctopirus limnophila DSM 3776             Planctomycetes 
Rhodopirellula baltica SH 1             Planctomycetes 
Rubinisphaera brasiliensis DSM 5305             Planctomycetes 
Candidatus Hodgkinia cicadicola Dsem 
Reanalysis             Proteobacteria 
Candidatus Liberibacter americanus Sao 
Paulo             Proteobacteria 
Candidatus Liberibacter asiaticus psy62             Proteobacteria 
Candidatus Endolissoclinum faulkneri L5             Proteobacteria 
Candidatus Endolissoclinum patella L2 
(unscreened)             Proteobacteria 
Anaplasma centrale Israel             Proteobacteria 
Anaplasma marginale Dawn             Proteobacteria 
Anaplasma marginale St. Maries             Proteobacteria 
Anaplasma phagocytophilum HZ             Proteobacteria 
Anaplasma phagocytophilum JM             Proteobacteria 
Ehrlichia canis Jake             Proteobacteria 
Ehrlichia chaffeensis Jax             Proteobacteria 
Ehrlichia chaffeensis Wakulla             Proteobacteria 
Ehrlichia muris AS145             Proteobacteria 
Ehrlichia ruminantium Gardel             Proteobacteria 
Ehrlichia ruminantium Welgevonden, 
CIRAD             Proteobacteria 
Neorickettsia helminthoeca Oregon             Proteobacteria 
 
  Key: Absent  
         Present 




Table 2 continued. Genomes with missing proteins and classifications 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Neorickettsia risticii Illinois             Proteobacteria 
Neorickettsia sennetsu Miyayama             Proteobacteria 
Orientia tsutsugamushi Boryong             Proteobacteria 
Orientia tsutsugamushi sv. Gilliam Ikeda             Proteobacteria 
Wolbachia endosymbiont of Drosophila 
melanogaster             Proteobacteria 
Wolbachia endosymbiont TRS of Brugia 
malayi             Proteobacteria 
Wolbachia sp. wOo             Proteobacteria 
Wolbachia sp. wRi             Proteobacteria 
Polynucleobacter necessarius STIR1             Proteobacteria 
Candidatus Zinderia insecticola CARI             Proteobacteria 
Candidatus Nasuia deltocephalinicola NAS-
ALF             Proteobacteria 
Candidatus Profftella armatura             Proteobacteria 
Candidatus Tremblaya phenacola PAVE             Proteobacteria 
Candidatus Tremblaya princeps PCVAL             Proteobacteria 
Desulfobulbus propionicus 1pr3, DSM 2032             Proteobacteria 
Candidatus Blochmannia chromaiodes 640             Proteobacteria 
Candidatus Blochmannia pennsylvanicus 
BPEN             Proteobacteria 
Candidatus Moranella endobia PCIT             Proteobacteria 
Candidatus Riesia pediculicola USDA             Proteobacteria 
Buchnera aphidicola 5A             Proteobacteria 
Buchnera aphidicola LL01             Proteobacteria 
Secondary Endosymbiont of Heteropsylla 
cubana             Proteobacteria 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Wigglesworthia glossinidia             Proteobacteria 
Wigglesworthia glossinidia endosymbiont of 
Glossina morsitans             Proteobacteria 
Candidatus Carsonella ruddii CS, Thao2000             Proteobacteria 
Candidatus Carsonella ruddii PC, NHV             Proteobacteria 
Candidatus Portiera aleyrodidarum             Proteobacteria 
Candidatus Portiera aleyrodidarum BT-B-
HRs             Proteobacteria 
Borrelia crocidurae Achema             Spirochaetaceae 
Borrelia parkeri SLO             Spirochaetaceae 
Borreliella afzelii PKo             Spirochaetaceae 
Borreliella burgdorferi CA382             Spirochaetaceae 
Borreliella garinii SZ             Spirochaetaceae 
Brachyspira hyodysenteriae sv. B WA1             Spirochaetaceae 
Brachyspira pilosicoli B2904             Spirochaetaceae 
Spirochaeta thermophila Z-1203, DSM 6578             Spirochaetaceae 
Treponema caldarium DSM 7334             Spirochaetaceae 
Treponema pedis T A4             Spirochaetaceae 
Candidatus Phytoplasma australiense             Tenericutes 
Candidatus Phytoplasma onion yellows OY-
M             Tenericutes 
Mycoplasma bovis Donetta PG45             Tenericutes 
Mycoplasma gallisepticum R(high)             Tenericutes 
Mycoplasma hyopneumoniae 7422             Tenericutes 




Table 2 continued. Genomes with missing proteins and classifications 
Key: Absent  
         Present 







Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Peanut witches'-broom phytoplasma 
NTU2011             Tenericutes 
Spiroplasma mirum SMCA             Tenericutes 
Ureaplasma parvum sv. 3 ATCC 27815             Tenericutes 
Ureaplasma urealyticum sv. 10 Western             Tenericutes 
Thermodesulfatator indicus CIR29812, DSM 
15286             Thermodesulfobacteria 
Thermodesulfobacterium commune DSM 
2178             Thermodesulfobacteria 
Thermodesulfobacterium geofontis OPF15             Thermodesulfobacteria 
Fervidobacterium nodosum Rt17-B1             Thermotogae 
Fervidobacterium pennivorans Ven 5, DSM 
9078             Thermotogae 
Kosmotoga olearia TBF 19.5.1             Thermotogae 
Marinitoga piezophila KA3             Thermotogae 
Mesotoga prima MesG1AG4.2             Thermotogae 
Petrotoga mobilis SJ95             Thermotogae 
Pseudothermotoga elfii NBRC 107921             Thermotogae 
Pseudothermotoga lettingae TMO             Thermotogae 
Thermosipho africanus TCF52B             Thermotogae 
Thermosipho melanesiensis BI429             Thermotogae 
Thermotoga maritima MSB8             Thermotogae 
Thermotoga petrophila RKU-1             Thermotogae 
Akkermansia muciniphila ATCC BAA-835             Verrucomicrobia 
Coraliomargarita akajimensis DSM 45221             Verrucomicrobia 
Methylacidiphilum infernorum V4             Verrucomicrobia 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Opitutaceae sp. TAV5             Verrucomicrobia 
Opitutus terrae PB90-1             Verrucomicrobia 
Verrucomicrobium spinosum DSM 4136             Verrucomicrobia 
Candidatus Korarchaeum cryptofilum OPF8                 Candidatus Korarchaeota 
Acidianus hospitalis W1                 Crenarchaeota 
Acidilobus saccharovorans 345-15                 Crenarchaeota 
Aeropyrum camini SY1, JCM 12091                 Crenarchaeota 
Caldisphaera lagunensis DSM 15908                 Crenarchaeota 
Caldivirga maquilingensis IC-167                 Crenarchaeota 
Desulfurococcus fermentans Z-1312, DSM 
16532                 Crenarchaeota 
Desulfurococcus mucosus 07/1, DSM 2162                 Crenarchaeota 
Fervidicoccus fontis Kam940                 Crenarchaeota 
Hyperthermus butylicus DSM 5456                 Crenarchaeota 
Ignicoccus hospitalis KIN4/I, DSM 18386                 Crenarchaeota 
Ignisphaera aggregans AQ1.S1, DSM 17230                 Crenarchaeota 
Metallosphaera cuprina Ar-4                 Crenarchaeota 
Metallosphaera sedula DSM 5348                 Crenarchaeota 
Pyrobaculum aerophilum IM2                 Crenarchaeota 
Pyrobaculum islandicum DSM 4184                 Crenarchaeota 
Pyrodictium delaneyi Su06                 Crenarchaeota 
Pyrolobus fumarii 1A, DSM 11204                 Crenarchaeota 
Saccharolobus solfataricus 98/2                 Crenarchaeota 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Saccharolobus solfataricus P2                 Crenarchaeota 
Staphylothermus hellenicus P8, DSM 12710                 Crenarchaeota 
Staphylothermus marinus F1, DSM 3639                 Crenarchaeota 
Sulfolobus acidocaldarius 98-3, DSM 639                 Crenarchaeota 
Sulfolobus islandicus M.16.27                 Crenarchaeota 
Sulfurisphaera tokodaii 7                 Crenarchaeota 
Thermofilum adornatus 1910b                 Crenarchaeota 
Thermofilum pendens Hrk 5                 Crenarchaeota 
Thermogladius calderae 1633                 Crenarchaeota 
Thermoproteus tenax Kra1                 Crenarchaeota 
Thermoproteus uzoniensis 768-20                 Crenarchaeota 
Thermosphaera aggregans M11TL, DSM 
11486                 Crenarchaeota 
Vulcanisaeta distributa DSM 14429                 Crenarchaeota 
Vulcanisaeta moutnovskia 768-28                 Crenarchaeota 
Aciduliprofundum boonei T469                 Euryarchaeota 
Aciduliprofundum sp. MAR08-339                 Euryarchaeota 
Archaeoglobus fulgidus DSM 8774                 Euryarchaeota 
Archaeoglobus sulfaticallidus PM70-1, DSM 
19444                 Euryarchaeota 
Candidatus Methanomassiliicoccus 
intestinalis Issoire-Mx1                 Euryarchaeota 
Candidatus Methanomethylophilus alvus 
Mx1201                 Euryarchaeota 
Ferroglobus placidus AEDII12DO, DSM 
10642                 Euryarchaeota 
Ferroplasma acidarmanus Fer1                 Euryarchaeota 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Halalkalicoccus jeotgali B3, DSM 18796                 Euryarchaeota 
Haloarcula hispanica CGMCC 1.2049                 Euryarchaeota 
Haloarcula marismortui ATCC 43049                 Euryarchaeota 
Halobacterium salinarum NRC-1                 Euryarchaeota 
Halobacterium sp. DL1                 Euryarchaeota 
Halobiforma lacisalsi AJ5, JCM 12983                 Euryarchaeota 
Haloferax mediterranei R-4                 Euryarchaeota 
Haloferax volcanii DS2, ATCC 29605                 Euryarchaeota 
Halogeometricum borinquense PR3, DSM 
11551                 Euryarchaeota 
Halohasta litchfieldiae tADL                 Euryarchaeota 
Halomicrobium mukohataei arg-2, DSM 
12286                 Euryarchaeota 
halophilic archaeon DL31                 Euryarchaeota 
Halopiger xanaduensis SH-6                 Euryarchaeota 
Haloquadratum walsbyi C23, DSM 16854                 Euryarchaeota 
Haloquadratum walsbyi HBSQ001, DSM 
16790                 Euryarchaeota 
Halorhabdus utahensis AX-2, DSM 12940                 Euryarchaeota 
Halorubrum lacusprofundi ATCC 49239                 Euryarchaeota 
Halostagnicola larsenii XH-48, DSM 17691                 Euryarchaeota 
Halovivax ruber XH-70, DSM 18193                 Euryarchaeota 
Methanobacterium lacus AL-21                 Euryarchaeota 
Methanobacterium paludis SWAN-1                 Euryarchaeota 
Methanobrevibacter ruminantium M1                 Euryarchaeota 
 
  Key: Absent  
         Present 








Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Methanobrevibacter smithii PS, ATCC 
35061                 Euryarchaeota 
Methanocaldococcus fervens AG86                 Euryarchaeota 
Methanocaldococcus vulcanius M7, DSM 
12094                 Euryarchaeota 
Methanocella arvoryzae MRE50                 Euryarchaeota 
Methanocella paludicola SANAE                 Euryarchaeota 
Methanococcoides burtonii DSM 6242                 Euryarchaeota 
Methanococcus aeolicus Nankai-3                 Euryarchaeota 
Methanococcus maripaludis S2                 Euryarchaeota 
Methanocorpusculum labreanum Z                 Euryarchaeota 
Methanoculleus bourgensis MS2                 Euryarchaeota 
Methanoculleus marisnigri JR1, DSM 1498                 Euryarchaeota 
Methanofollis liminatans GKZPZ, DSM 
4140                 Euryarchaeota 
Methanohalobium evestigatum Z-7303, DSM 
3721                 Euryarchaeota 
Methanohalophilus mahii SLP, DSM 5219                 Euryarchaeota 
Methanolacinia petrolearia DSM 11571                 Euryarchaeota 
Methanolinea tarda NOBI-1                 Euryarchaeota 
Methanolobus psychrophilus R15                 Euryarchaeota 
Methanomethylovorans hollandica DSM 
15978                 Euryarchaeota 
Methanopyrus kandleri AV19                 Euryarchaeota 




Table 2 continued. Genomes with missing proteins and classifications 
Table 2 continued. Genomes with missing proteins and classifications 
Key: Absent  
         Present 







Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Methanoregula formicica SMSP, DSM 
22288                 Euryarchaeota 
Methanosaeta harundinacea 6Ac                 Euryarchaeota 
Methanosalsum zhilinae WeN5, DSM 4017                 Euryarchaeota 
Methanosarcina acetivorans C2A                 Euryarchaeota 
Methanosarcina mazei Go1                 Euryarchaeota 
Methanosphaera stadtmanae DSM 3091                 Euryarchaeota 
Methanosphaerula palustris E1-9c, DSM 
19958                 Euryarchaeota 
Methanospirillum hungatei JF-1                 Euryarchaeota 
Methanothermobacter marburgensis 
Marburg DSM 2133                 Euryarchaeota 
Methanothermobacter thermautotrophicus 
Delta H                 Euryarchaeota 
Methanothermus fervidus V24S, DSM 2088                 Euryarchaeota 
Methanothrix thermoacetophila PT                 Euryarchaeota 
Methanotorris igneus Kol5, DSM 5666                 Euryarchaeota 
Natrialba magadii ATCC 43099                 Euryarchaeota 
Natrinema pellirubrum 157                 Euryarchaeota 
Natrinema sp. J7-2                 Euryarchaeota 
Natronobacterium gregoryi SP2                 Euryarchaeota 
Natronococcus occultus SP4, DSM 3396                 Euryarchaeota 
Natronomonas moolapensis 8.8.11, DSM 
18674                 Euryarchaeota 
Natronomonas pharaonis Gabara, DSM 
2160                 Euryarchaeota 
Palaeococcus pacificus DY20341                 Euryarchaeota 
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Genome Name BipA RelA Rel SpoT Archaea Symbiont Thermophile Acidophile Class 
Picrophilus torridus DSM 9790                 Euryarchaeota 
Pyrococcus abyssi GE5                 Euryarchaeota 
Pyrococcus yayanosii CH1                 Euryarchaeota 
Salinarchaeum sp. Harcht-Bsk1                 Euryarchaeota 
Thermococcus barophilus MP, DSM 11836                 Euryarchaeota 
Thermococcus paralvinellae ES1                 Euryarchaeota 
Thermoplasma acidophilum DSM 1728                 Euryarchaeota 
Thermoplasma volcanium GSS1                 Euryarchaeota 
Thermoplasmatales archaeon BRNA1                 Euryarchaeota 
Nanoarchaeum equitans Kin4-M                 Nanoarchaeota 
Candidatus Nitrosopumilus koreensis AR1                 Thaumarchaeota 
Candidatus Nitrosopumilus sediminis AR2                 Thaumarchaeota 
Candidatus Nitrososphaera evergladensis 
SR1                 Thaumarchaeota 
Candidatus Nitrososphaera gargensis Ga9-2                 Thaumarchaeota 
Cenarchaeum symbiosum A                 Thaumarchaeota 
Nitrosopumilus maritimus SCM1                 Thaumarchaeota 
Nitrososphaera viennensis EN76                 Thaumarchaeota 
Baumannia cicadellinicola Hc                 Thaumarchaeota 
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No BipA BipA 
No Rel 128 25 
Rel 80 1327    
   
 
No BipA BipA 
No SpoT 148 43 
SpoT 80 1289    
   
 
No RelA RelA 
No Rel 190 3 
Rel 17 1350    
   
 
No RelA RelA 
No SpoT 192 2 
SpoT 17 1349    
   
 
No Rel Rel 
No SpoT 191 1 
SpoT 2 1366    
   
 
No BipA BipA 
No RelA 159 48 
RelA 70 1283 

























Association between:  Chi- squared P-value 
BipA and RelA 729.93 <0.0001 
BipA and Rel 719.33 <0.0001 
BipA and SpoT 683.67 <0.0001 
RelA and Rel 1380 <0.0001 
RelA and SpoT 1389.8 <0.0001 
Rel and SpoT 1523.3 <0.0001 
Table 4. Chi-squared analysis on the total set of genomes (1,560) to determine co-
occurrence of proteins. A p-value >0.05 denotes no statistical difference between 




 I confirmed results seen in previous studies (3, 89) but extended the study to look at all 
four proteins together and determined that organisms that do not need to adapt are missing a 
combination of these proteins. What is new here is the apparent nexus between the absence of 
proteins needed to make ppGpp and just one responsive protein, BipA, that is signaled by 
ppGpp.  Atkinson et al. previously observed that the Chlamydiaes, Verrucomicrobia and 
Planctomycetes are missing relA, relA and spoT (89). The Chlamydiaes are actually missing all 4 
proteins. This would be consistent with previous observations because the Chlamydiaes are 
obligate symbionts who may no longer need to adapt to changing conditions. The 
Planctomycetes and Verrumicrobiota are missing a combination of rel, relA and spoT but have 
bipA. Most of the bacterial genomes that were missing at least one of the proteins tested were 
known obligate symbionts. These organisms could have lost the selective pressure to adapt to 
new conditions because of the symbiotic relationship and thus are losing the need for these 
proteins that are crucial to being readily able to adapt to new conditions.  
The absence of all of the genes from the archaeal genomes that I looked at is to be 
expected. It has been shown that the transcriptional and translational machinery resembles that 
seen in eukaryotes. The RNA polymerases as well as other transcriptional factors in Archaea 
resemble those seen in Eukarya. In terms of translation the archaeal translational machinery also 
has close homology to the Eukarya. Aminoacyl tRNAs are also recruited to the ribosome in a 
manner homologous to Eukarya, while initiation and ribosome recruitment are similar to 
Bacteria, and the termination machinery in also similar to Eukarya (125).  
 The results presented in this chapter show that bipA, rel, relA and spoT are not essential 
for growth, but appear to be critical in those organisms that need to readily adapt. The majority 
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of the bacterial genomes that are missing at least one of the proteins are symbionts and no longer 
need to adapt. This suggests that these proteins are essential for adaptation. Thus, if an organism 
cannot make ppGpp it no longer needs BipA and possibly RelA.  The co-occurence of all four 
proteins is statistically significant using a chi-squared test. Therefore, if one protein is missing 
from a genome it is likely it is missing some combination of the other proteins. As with these 
results and those from previous chapters I suggest that RelA is the transcriptional response and 


















Chapter 5. Conclusions 
 
 The overall hypothesis proposed in this work was that BipA will be involved in the 
stringent response at the level of translation and that it may interact with RelA when a cell 
undergoes a nutritional or environmental adaptation. Through the work presented here I have 
shown that BipA does respond to changes whether nutritional or environmental. Also, that a 
strain lacking bipA behaves like a ∆relA strain during growth curve assays during different 
adaptation conditions. Through a transcriptome analysis I see that a strain lacking bipA is 
capable of making the necessary transcripts to respond but not the protein which may be an 
explanation for the physiological lag I see in earlier chapters. I also saw that genomes lacking 
bipA may be missing some combination of relA, rel and spoT. These conclusions suggest that 
BipA is involved in the adaptation response as a sensor for translation and may interact with 
RelA or ppGpp under adaptation conditions. 
 In Chapter 1, I used a growth curve assay to see how a strain lacking bipA would behave 
under normal balanced growth conditions and various nutritional and environmental conditions. 
Under normal balanced growth conditions, I saw that there was no observable difference 
between the WT and ∆bipA strain. When exposed to various nutritional and environmental 
changes the deletion strain experienced a lag in growth resumption regardless of the condition 
applied. These physiological changes are all connected by the alarmone ppGpp and/or the 
various regulons that turn on and off numerous genes. Because of these observations I chose to 
look at how these adaptation conditions would impact a strain lacking relA. 
 In Chapter 2, I was able to get an E. coli BW25113 ∆relA strain as well as a ∆bipA 
derivative from the Coli Genetic Stock Center at Yale University. Using these strains, I applied 
some of the same adaptational conditions I applied in Chapter 1 and saw that the lag in growth 
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resumption was almost identical between the ∆bipA and ∆relA strains. I also looked at balanced 
growth with these strains and did not see a lag in growth in any of the strains. A double mutant 
was created for us by the Coli Genetic Stock Center and the phenotype of this mutant showed 
that both BipA and RelA are needed to adapt to various adaptation conditions. Because of the 
link between BipA and RelA suggested here I decided to pursue an RNA-seq analysis of the 
mutant strains. 
 In Chapter 3, I used RNA-Seq to look at the transcriptomes of the WT, ∆bipA and ∆relA 
strains. Under balanced growth I saw very few changes (12 out of 4,490 genes) between the WT 
and ∆bipA strains. While there were a significant amount of differences (218 out of 4,490 genes) 
between the WT and ∆relA strains specifically those involved in motility and iron acquisition. 
Because of these differences I also wanted to see what would happen to the transcriptomes if 
exposed to sublethal levels of ethanol and hydrogen peroxide. For these comparisons, I looked 
specifically at genes that were known to be regulated in response to the adaptation. For ethanol I 
looked at genes turned on by CRP and the heat shock response and for the H2O2 response I 
looked at genes turned on by OxyR. In both adaptation conditions I saw that a strain lacking bipA 
can make the necessary transcripts but may not be able to make the necessary proteins to respond 
and thus has an extended lag in growth resumption.  
 Finally, in Chapter 4 I looked at the co-occurrence of BipA, RelA, Rel and SpoT in 
various genomes across Bacteria and Archaea. In this chapter I saw that bipA, relA, rel and spoT 
are not necessary for growth, but appear to be needed in those organisms that need to readily 
adapt to changing conditions. Those genomes that are missing at least one of the proteins are 
symbionts and no longer need to adapt.  
 131 
 Throughout these studies I show that BipA is needed for E. coli to readily adapt to 
various conditions. I also show that BipA may be involved in the translation of proteins needed 
for the cell to respond to an adaptation condition. I also may be that BipA is interacting with 
ppGpp or another molecule to help aid the cell in adapting to new conditions. I also propose that 
BipA may be responding to levels of ppGpp made by RelA and SpoT in response to the 
conditions applied. If there is no way for RelA to make ppGpp then BipA cannot properly 
respond to adaptation conditions. To take it one step further if a cell is missing BipA and RelA it 
becomes difficult for the cell to adapt to readily to even the most minute changes in their 
environment. These conclusions are significant in that BipA can be used as a target for antibiotic 
development. By removing BipA it leaves cell vulnerable to exposure to possibly another 





Figure 1. Proposed model of BipA’s role in the stringent response. 
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Appendix I. BipA Binding Mutant Physiology 
 
To further observe BipA’s role in the adaptation response I looked at binding mutants 
involving the ribosome and binding of GTP and ppGpp. To investigate these interactions 
between the ribosome and BipA, I used site directed substitutes or deletions that were created by 
Dr. Megan DeLivron and Gilman Dionne, past members of the Robinson Lab, University of 
Connecticut, Storrs CT. Previous work with the Salmonella enterica BipA K18A mutant during 
in vitro ribosome binding assays demonstrated that this mutant is unable to bind to the 70S 
ribosome when no exogenous nucleotides are present (14). Further work with this mutant 
showed that hydrolysis of GTP to GDP was below the levels measured by the malachite green 
assay. This is indicative of a protein that has a diminished ability to hydrolyze GTP to GDP (14). 
The other mutant that was studied previously was the S. enterica BipA 1-596, which has a helix 
on the C-terminal domain (CTD) deleted. Ribosome binding assays demonstrated that BipA is 
unable to bind to the ribosome without the presence of the CTD (6).  
The mutants that were used in these experiments are summarized in Table 2. Binding 
mutants on plasmids used included BipA R41A (lack of ppGpp binding), K18A (lower GTP 
binding), ∆597-607 (lack of ribosome binding), and full-length bipA. These plasmids were 
transformed separately into MG1655 wild type and bipA deletion strains.  
All strains with or without plasmids had the same batch growth kinetics when growing on 
M9 minimal medium plus glucose and thiamine (Fig. 1). However, growth on LB medium, a 
complex medium with sufficient nutrients to allow for growth of most organisms, showed 
distinctive patterns of growth for each mutant. The plasmid carrying K18A had little effect on 
either WT or the ∆bipA mutant.  The plasmid carrying ∆597-607 had little effect on the wild type 
(Fig. 2A & B) but the ∆bipA strain grew poorly with ∆597-607 suggesting interference by the 
truncated non-binding protein with some cellular process (Fig. 2B).  
Both the ∆bipA and WT cells containing R41A growing on LB + glucose at 37˚C grew 
poorly with the wild type cells having diminished growth and uneven kinetics (Fig. 2C). 
Previous studies suggest that cells growing in LB medium will utilize the nitrogen in the medium 
first causing cells to experience multiple nitrogen diauxies as cells utilize the various amino acids 
present in the medium (112). As the cells need to adapt to new nitrogen sources, levels of the 
alarmone ppGpp will rise within the cell and the cells will respond to the rising levels of ppGpp 
similar to a nitrogen diauxie. Thus, the inability to bind ppGpp may lead to an inability to adapt 
to multiple steps of nitrogen diauxie imposed by LB. 
The first mutant that was tested for adaptation to an imposed stress was a bipA K18A 
strain that demonstrates a severely decreased ability to bind GTP. When grown in LB + glucose 
both the wild-type and deletion strain had lag of 30 minutes but did not differ in the specific 
growth rate (Fig. 2A). When these mutants were exposed to ethanol the deletion strain with the 
bipA K18A plasmid lagged about 15 minutes behind the deletion strain without the plasmid (Fig. 
3A). While the wild-type with the bipA K18A plasmid mimicked that of the deletion strain 
without the plasmid (Fig. 3A). When exposed to 1mM H2O2 the deletion strain with the K18A 
plasmid exhibited an hour additional lag in growth when compared to only the deletion strain 
when exposed to the stressor. The wild-type with the plasmid showed a brief lag of 10 minutes 
before resuming growth (Fig. 3B).  
 Another mutant strain was a bipA strain with the C-terminal helix deleted. The deletion of 
this helix causes the protein to be unable to bind to the ribosome. When the plasmid with the 
deletion is inserted into the wild-type strain a lag of 10 minutes is observed when grown in LB + 
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glucose at 37˚C. During the same experiment a longer lag of 30 minutes is seen when the same 
plasmid is inserted into the ∆bipA strain compared to the wild-type (Fig. 2B). When the strains 
were exposed to ethanol both strains with the plasmids had a lag in growth resumption of one 
hour and then began growing again (Fig. 4A). When the strains were exposed to hydrogen 
peroxide there were no observable differences between the strains with and without the plasmid 
(Fig. 4B).  
A bipA R41A mutant does not bind ppGpp but does bind GTP. When this mutant in a 
∆bipA strain is grown in LB medium plus glucose a lag of about 50 minutes is observed. While 
the bipA R41A mutant in the wild type strain under the same conditions exhibits a lag of about 
15 minutes (Fig. 2C). When exposed to ethanol to a 4% concentration, the deletion strain with 
the bipA R41A plasmid stopped growing and did not resume even after seven hours (Fig. 5A). 
The wild-type strain with the bipA R41A plasmid had a similar growth pattern of the ∆bipA 
strain where there was a one hour lag in growth upon exposure (Fig. 5A). When the ∆bipA strain 
containing the bipA R41A plasmid was exposed to 1mM hydrogen peroxide the strain 
experienced an additional lag of 20 minutes as compared the ∆bipA deletion strain without the 
plasmid (Fig. 5B). A lag of about 10 minutes was observed with the wild-type strain and the 
bipA R41A plasmid as compared to the wild-type without the plasmid (Fig. 5B).  
From these experiments, the most dramatic effect was the bipA R41A mutant that does 
not bind the alarmone ppGpp but does bind GTP. These observations support an interaction 
between ppGpp and bipA during adaptation similar to what is proposed in previous studies (14). 
This would coincide with other observations that bipA is needed in order for the cell to readily 
adapt to changing conditions such as ethanol and hydrogen peroxide exposure. When the bipA 
R41A mutant was inserted into the wild type that contains a full-length bipA the strain would 
behave similarly to the ∆bipA strain when forced to adapt (Fig. 5). The other two binding 

































Name of mutant Function of mutant Who created the mutant 
pET21a w/ bipA R41A Does not bind the alarmone 
ppGpp but does bind GTP. 
Located in the switch I region. 
Gilman Dionne 
pET21a w/ bipA K18A Strain experiences a severely 
decreased ability to bind GTP. 
Located in the nucleotide 
binding site.  
Dr. Megan DeLivron 
pET21A w/ bipA ∆597-607 Deletion of the CTD basic 
helix. Strain cannot bind to the 
ribosome. 






































Figure 1. Growth of various binding mutants of bipA while growing in M9 minimal 















































Figure 2. Effects of various binding mutants growing in LB medium at 37˚C. For clarity, 
curves for MG1655/pCLD001, MG1655 ∆bipAw/pCLD001, MG1655/pET21a, and MG1655 
















































Figure 3. Effects of bipA with an impaired ability to bind GTP. Cultures were grown in M9 
minimal medium with the addition of ethanol (arrow) (A) or H2O2 (B). For clarity, curves for 
MG1655/pCLD001, MG1655 ∆bipAw/pCLD001, MG1655/pET21a, and MG1655 
















































Figure 4. Effects of bipA without the ability to bind to the ribosome. Cultures were grown in 
M9 minimal medium with the addition of ethanol (arrow) (A) or H2O2 (B). For clarity, curves 
for MG1655/pCLD001, MG1655 ∆bipAw/pCLD001, MG1655/pET21a, and MG1655 














































Figure 5. Effects of bipA unable to bind the alarmone ppGpp. Cultures were grown in M9 
minimal medium with the addition of ethanol (arrow) (A) or H2O2 (B). For clarity, curves for 
MG1655/pCLD001, MG1655 ∆bipAw/pCLD001, MG1655/pET21a, and MG1655 
∆bipA/pET21a were not included but all closely matched the wild-type MG1655. 
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Appendix II. Promoter region of ∆bipA 
 
Because of the role that BipA plays in the adaptation response I analyzed the promoter 
region ahead of E. coli bipA using the PRODORIC database (126) to do a promoter analysis on 
the 400 bp upstream of the bipA promoter. What I observed is that there are a number of 
potential promoters and binding sites ahead of bipA. Several of these promoters are associated 
with known regulators for adaptation events (Table 1). The first is ArcA which is known to 
activate some genes involved in anaerobic growth (59, 60). Another, Fnr, is also involved in 
anaerobic growth (55–58, 61).  CRP was also upstream of bipA which is involved in carbon 
diauxie as well as the response to added ethanol stress (53, 54, 64). Another regulator, CspA is 
involved in the cold shock response (37, 50, 51). One that was interesting and could point to 
BipA’s involvement in the stress response at the translational level is the regulator Fis which is 
involved in ribosomal RNA transcription (13). There were also a few regulators of nitrogen 
regulation especially amino acid regulation. GlnG is directly involved in nitrogen regulation 
through NtrC (127, 128). NarL is also involved in nitrogen regulation specifically nitrate/nitrite 
regulation (56, 127). For amino acid regulation, IciA is involved in the arginine and lysine 
response and Lrp is involved in the leucine response (128–130). While MetJ is also upstream of 
bipA and is involved in regulating the methionine regulon (71)and GcvA responds to an absence 
of glycine (128). OmpR was also found upstream of bipA and is the regulator of for various outer 
membrane and osmotic response proteins (66, 129). OxyR which regulates the oxidative stress 
response also was upstream (62, 63). These regions are responsible for regulating the 
transcription of hundreds of genes in response to various nutritional and environmental 
adaptations that were tested in previous chapters. When a bipA deletion mutant was exposed to 
adaptations such as cold shock, ethanol stress, carbon diauxie, nitrogen diauxie, osmotic stress 
and oxidative stress the strain would lag in growth resumption. The presence of these regulons in 
the promoter region upstream of bipA may suggest that bipA is involved in the translational 













End Position Score Range Sequence Function 
ArcA 
298 307 5.39 
7.5-0.15 
TGTTTGTGAT transcriptional dual regulator; DNA 
binding response regulator, two 
component regulatory system. Also 
activates some anaerobic genes. 
123 132 5.34 CGTTATCATG 
34 43 5.29 TGGTAACGAA 
CRP 
248 269 7.49 
8.83-0.27 
CTCCGTGAAAGCGATCACAAAG 
transcriptional dual regulator (CRP-
cAMP) 
90 111 6.08 ATCTGTGCCAACTTTTAAATTG 
81 102 5.97 TAAAGCGAAATCTGTGCCAACT 
CspA 177 181 10 10.0-0 CCAAT 
cold shock protein, cold-inducible 
RNA chaperone and anti-terminator; 
aids gene expression at low 
temperatures; cold shock protein 
CS7.4; binds ssRNA and ssDNA 
DnaA 
243 251 6.02 
7.56-0.12 
TTATGCTCC DNA synthesis initiator and global 
transcription regulator; binds DNA at 
DnaA boxes, binds cardiolipin and 
other acidic phospholipids, binds 
ATP 
128 136 5.95 TCATGCGCA 
202 210 5.37 TTAAGCACC 
Fis 
196 210 3.13 
3.60-0.32 
GAAACATTAAGCACC 
Activates ribosomal RNA 
transcription, prevents DNA 
replication from oriC 
316 330 3.02 GTAGTGCGATTAATC 
213 227 3.02 GTTGGTGCAATGACC 
224 238 2.98 GACCTTTGGATAACC 
124 138 2.97 GTTATCATGCGCACC 
87 101 2.92 GAAATCTGTGCCAAC 






End Position Score Range Sequence Function 
Fis 
26 40 2.89 
3.60-0.32 
GGTCGTCGTGGTAAC 
Activates ribosomal RNA 
transcription, prevents DNA 
replication from oriC 
142 156 2.82 GTGCAAAAGGGCTGC 
35 49 2.81 GGTAACGAAATCTGC 
249 263 2.77 TCCGTGAAAGCGATC 
193 207 2.76 ATGGAAACATTAAGC 
72 86 2.76 TAAAAAAGATAAAGC 
174 188 2.74 GCACCAATATAGTGC 
186 200 2.7 TGCTTCAATGGAAAC 
48 62 2.7 GCAATTATTTTGGCC 
164 178 2.69 TGTGAATGTTGCACC 
32 46 2.67 CGTGGTAACCGAAATC 
195 209 2.66 GGAAACATTAAGCAC 
329 343 2.65 TCCGTGTACAATAAC 
323 337 2.65 GATTAATCCGTGTAC 
277 291 2.65 GCAATACTTGTTTGC 
121 135 2.65 GGCGTTATCATGCGC 
115 129 2.64 CTAAAAGGCGTTATC 
144 158 2.63 GCAAAAGGGCTGCAC 
15 29 2.63 GGATTGGTCATGGTC 
78 92 2.61 AGATAAAGCGAAATC 
206 220 2.59 GCACCATGTTGGTGC 
Fnr 252 265 6.14 9.01-0.4 GTGAAAGCGATCAC 
Global transcriptional factor for 
anaerobic growth 
Fur 
230 237 2.13 
2.47-0.13 
TGGATAAC Ferric iron uptake global 
transcriptional repressor; activated 
by Fe2+ 
78 85 2.13 AGATAAAG 
34 41 2.12 TGGTAACG 






End Position Score Range Sequence Function 
Fur 
194 201 2.11 
2.47-0.13 
TGGAAACA 
Ferric iron uptake global 
transcriptional repressor; activated 
by Fe2+ 
143 150 2.07 TGCAAAAG 
322 329 1.99 CGATTAAT 
164 171 1.97 TGTGAATG 
95 102 1.95 TGCCAACT 
231 238 1.93 GGATAACC 
363 370 1.92 AGGCAAAG 
84 91 1.91 AGCGAAAT 
351 358 1.83 TTCTAATG 
103 110 1.83 TTTAAATT 
70 77 1.83 CGTAAAAA 
102 109 1.8 TTTTAAAT 
72 79 1.79 TAAAAAAG 
364 371 1.78 GGCAAAGT 
240 247 1.76 TTTTTATG 
166 173 1.76 TGAATGTT 
251 258 1.72 CGTGAAAG 
276 283 1.71 TGCAATAC 
253 260 1.71 TGAAAAGCG 
39 46 1.71 ACGAAATC 
336 343 1.7 ACAATAAC 
193 200 1.7 ATGGAAAC 
47 54 1.7 TGCAATTA 
115 122 1.68 CTAAAAGG 
199 206 1.67 ACATTAAG 
73 80 1.67 AAAAAAGA 






End Position Score Range Sequence Function 
Fur 
262 269 1.66 
2.47-0.13 
TCACAAAG 
Ferric iron uptake global 
transcriptional repressor; activated 
by Fe2+ 
19 26 1.66 TGGTCATG 
14 21 1.66 TGGATTGG 
331 338 1.65 CGTGTACA 
218 225 1.63 TGCAATGA 
71 78 1.63 GTAAAAAA 
350 357 1.62 TTTCTAAT 
313 320 1.61 TTTGTAGT 
294 301 1.61 AGGATGTT 
49 56 1.61 CAATTATT 
310 317 1.6 TGTTTTGT 
86 93 1.6 CGAAATCT 
77 84 1.6 AAGATAAA 
40 47 1.6 CGAAATCT 
320 327 1.59 TGCGATTA 
46 53 1.58 CTGCAATT 
298 305 1.57 TGTTTGTG 
252 259 1.57 GTGAAAGC 
337 344 1.56 CAATAACG 
177 184 1.56 CCAATATA 
2 9 1.56 CTTTAACT 
333 340 1.55 TGTACAAT 
275 282 1.55 CTGCAATA 
104 111 1.55 TTAAATTG 
302 309 1.54 TGTGATCC 
1 8 1.54 ACTTTAAC 






End Position Scor Range Sequence Function 
Fur 
345 352 1.53 
2.47-0.13 
CGCTATTT 
Ferric iron uptake global 
transcriptional repressor; activated 
by Fe2+ 
334 341 1.53 GTACAATA 
186 193 1.52 TGCTTCAA 
69 76 1.52 CCGTAAAA 
52 59 1.52 TTATTTTG 
285 292 1.51 TGTTTGCG 
101 108 1.51 CTTTTAAA 
38 45 1.51 AACGAAAT 
268 275 1.5 AGGGACTC 
179 186 1.5 AATATAGT 
85 92 1.5 GCGAAATC 
217 224 1.47 GTGCAATG 
122 129 1.47 GCGTTATC 
277 284 1.46 GCAATACT 
144 151 1.46 GCAAAAGG 
259 266 1.45 CGATCACA 
257 264 1.45 AGCGATCA 
188 195 1.45 CTTCAATG 
131 138 1.45 TGCGCACC 
113 120 1.45 CCCTAAAA 
33 40 1.45 GTGGTAAC 
125 132 1.44 TTATCATG 
357 364 1.43 TGCCTGAG 
314 321 1.43 TTGTAGTG 
200 207 1.43 CATTAAGC 
195 202 1.43 GGAAACAT 












End Position Score Range Sequence Function 
Fur 
142 149 1.43 
2.47-0.13 
GTGCAAAA 
Ferric iron uptake global 
transcriptional repressor; 
activated by Fe2+ 
323 330 1.42 GATTAATC 
284 291 1.42 TTGTTTGC 
263 270 1.42 CACAAAGG 
114 121 1.42 CCTAAAAG 
GcvA 353 357 10 10.0-0 CTAAT 
Glycine-response activator of 
gcv operon; acts as repressor in 
absence of glycine, probably 
antagonized by Crp; repression 
function enhanced by 
exogeneous purine addition 
GlnG 
110 115 5.41 
5.23-0.08 
TGCCCC 
NtrC nitrogen regulation 
215 220 5.34 TGGTGC 
246 251 5.25 TGCTCC 
64 69 5.2 TGTCGC 
186 191 5.11 TGCTTC 
170 175 5.03 TGTTGC 
173 178 5.01 TGCACC 
154 159 5.01 TGCACC 
58 63 4.99 TGGCCG 
GlpR 
331 350 6.59 
7.8-0.43 
CGTGTACAATAACGCGCTAT 
Repressor of glp regulon, 
induced by glycerol phosphate 
129 148 6.14 CATGCGCACCATCGTGCAAA 
257 276 5.51 AGCGATCACAAAGGGACTCT 
GntR 106 121 9.82 12.16-0.05 AAATTGCCCCTAAAAG 
controls gntKU induction, also 
edd and eda 





End Position Score Range Sequence Function 
H-NS 
321 330 6.05 
6.75-0.06 
GCGATTAATC implicated in transcriptional 
repression, involved in 
bacterial chromosome 
organization and compaction 
177 186 5.31 CCAATATAGT 
77 86 5.23 AAGATAAAGC 
IHF 
46 61 5.9 
7.76-0.36 
CTGCAATTATTTTGGC 
Integration Host Factor 204 219 5.83 AAGCACCATGTTGGTG 
175 190 5.77 CACCAATATAGTGCTT 
IciA 
78 89 5.26 
5.77-0.09 
AGATAAAGCGAA 
Arginine and lysine responsive 
transcriptional regulator; 
inhibitor of chromosome 
initiation; positive regulator of 
argK, negative autoregulator in 
presence of arginine 
322 333 5.15 CGATTAATCCGT 
231 242 5.04 GGATAACCCTTT 
259 270 4.93 CGATCACAAAGG 
15 26 4.8 GGATTGGTCATG 
304 315 4.75 TGATCCTGTTTT 
295 306 4.6 GGATGTTTGTGA 
Lrp 
236 250 4.71 
5.86-0.41 
ACCCTTTTTATGCTC 
Global regulator protein; Leu 
responsive; regulator of high-
affinity branched chain amino 
acid transport system 
45 59 4.43 TCTGCAATTATTTTG 
Global regulator protein; Leu 
responsive; regulator of high-
affinity branched chain amino 
acid transport system 
118 132 4.3 AAAGGCGTTATCATG 
318 332 4.03 AGTGCGATTAATCCG 
97 111 3.86 CCAACTTTTAAATTG 
344 356 3.85 GCGCTATTTCTAATG 
294 308 3.82 AGGATGTTTGTGATC 
195 209 3.8 GGAAACATTAAGCAC 
319 333 3.78 GTGCGATTAATCCGT 
307 321 3.69 TCCTGTTTTGTAGTG 
 
 





End Position Score Range Sequence Function 
Lrp  
234 248 3.67 
5.86-0.41  
TAACCCTTTTTATGC 
Global regulator protein; Leu 
responsive; regulator of high-
affinity branched chain amino 
acid transport system  
297 311 3.65 ATGTTTGTGATCCTG 
233 247 3.65 ATAACCCTTTTTATG 
277 291 3.49 GCAATACTTGTTTGC 
305 319 3.47 GATCCTGTTTTGTAG 
48 62 3.45 GCAATTATTTTGGCC 
MalT 292 297 8.58 8.42-0 GGAGGA 
ATP-dependent transcriptional 
activator for the mal regulon 
MetJ 275 283 6.18 7.58-0 CTGCAATAC 
Methionine regulon repressor, 
S-adenosylmethionine (SAM) 
co-repressor; sulfoximine and 
methyl methionine sensitivity 
Mlc 
86 91 6.17 
6.44-0 
CGAAAT transcriptional repressor that 
regulates the expression of 
proteins that are part of the 
phosphotransferase system for 
sugar uptake, regulates the 
expression of malT 
40 45 6.17 CGAAAT 
70 75 5.38 CGTAAA 
NarL 




protein for nitrate/nitrite 
response; cognate sensor is 
NarX 
335 341 3.67 TACAATA 
234 240 3.55 TAACCCT 
5 11 3.47 TAACTCT 
348 354 3.38 TATTTCT 
326 332 3.33 TAATCCG 
37 43 3.31 TAACGAA 
 
  





End Position Score Range Sequence Function 
NarL 




protein for nitrate/nitrite 
response; cognate sensor is 
NarX 
183 189 3.3 TAGTGCT 
203 209 3.25 TAAGCAC 
354 360 3.24 TAATGCC 
OmpR 72 78 8.11 8.65-0 TAAAAAA 
Component of ompR 
transcriptional dual regulator; 
responsive regulator for 
osmoregulator; regulates 
production of outer membrane 
proteins 
OxyR 
192 202 3.1 
4.07-0.25 
AATGGAAACAT 
Bifunctional regulatory protein 
sensor for oxidative stress 
67 77 2.96 CGCCGTAAAAA 
111 121 2.95 GCCCCTAAAAG 
75 85 2.9 AAAAGATAAAG 
248 258 2.89 CTCCGTGAAAG 
260 270 2.87 GATCACAAAGG 
139 149 2.87 ATCGTGCAAAA 
68 78 2.81 GCCGTAAAAAA 
99 109 2.79 AACTTTTAAAT 
81 91 2.79 TAAAGCGAAAT 
76 86 2.79 AAAGATAAAGC 
140 150 2.77 TCGTGCAAAAG 
110 120 2.73 TGCCCCTAAAA 
66 76 2.73 TCGCCGTAAAA 
82 92 2.69 AAAGCGAAATC 
273 283 2.66 CTCTGCAATAC 
175 185 2.66 CACCAATATAG 
 






End Position Score Range Sequence Function 
OxyR  
228 238 2.64 
4.07-0.25  
TTTGGATAACC 
Bifunctional regulatory protein 
sensor for oxidative stress  
332 342 2.63 GTGTACAATAA 
69 79 2.62 CCGTAAAAAAG 
360 370 2.61 CTGAGGCAAAG 
197 207 2.61 AAACATTAAGC 
71 81 2.61 GTAAAAAAGAT 
43 53 2.57 AATCTGCAATT 
73 83 2.56 AAAAAAGATAA 
37 47 2.56 TAACGAAATCT 
83 93 2.55 AAGCGAAATCT 
35 45 2.52 GGTAACGAAAT 
173 183 2.49 TGCACCAATAT 
191 201 2.47 CAATGGAAACA 
190 200 2.47 TCAATGGAAAC 
PdhR 
190 195 6.65 
6.93-0.59 




177 182 6.37 CCAATA 
Sig70(-
10) 
335 340 2.77 
3.36-0.26 
TACAAT 
Primary sigma factor during 
exponential growth, 
preferentially transcribes genes 
associated with fast growth, 
such as ribosomal operons, 
other protein-synthesis related 
genes, rRNA- and tRNA 
encoding genes and prfB 
181 186 2.72 TATAGT 
105 110 2.67 TAAATT 
126 131 2.62 TATCAT 
244 249 2.56 TATGCT 
53 58 2.51 TATTTT 
279 284 2.24 AATACT 
366 371 2.19 CAAAGT 
198 203 2.16 AACATT 





End Position Score Range Sequence Function 
Sig70(-
10)  
207 212 2.09 
3.36-0.26  
CACCAT 
Primary sigma factor during 
exponential growth, 
preferentially transcribes genes 
associated with fast growth, 
such as ribosomal operons, 
other protein-synthesis related 
genes, rRNA- and tRNA 
encoding genes and prfB  
159 164 2.09 CACGAT 
135 140 2.09 CACCAT 
50 55 2.08 AATTAT 
305 310 2.07 GATCCT 
178 183 2.07 CAATAT 
352 357 2.05 TCTAAT 
293 298 2.05 GAGGAT 
197 202 2.05 AAACAT 
138 143 2.05 CATCGT 
210 215 2.04 CATGTT 
76 81 2.04 AAAGAT 
23 28 2.04 CATGGT 
189 194 2.03 TTCAAT 
104 109 2.03 TTAAAT 
296 301 2.02 GATGTT 
271 276 2 GACTCT 
235 240 2 AACCCT 
168 173 2 AATGTT 
98 103 2 CAACTT 
276 281 1.99 TGCAAT 

























End Position Score Range Sequence Function 
Sig70(-
10)  
47 52 1.99 
3.36-0.26  
TGCAAT 
Primary sigma factor during 
exponential growth, 
preferentially transcribes genes 
associated with fast growth, 
such as ribosomal operons, 
other protein-synthesis related 
genes, rRNA- and tRNA 
encoding genes and prfB 
6 11 1.99 AACTCT 
224 229 1.98 GACCTT 
88 93 1.98 AAATCT 
42 47 1.98 AAATCT 
4 9 1.98 TTAACT 
167 172 1.96 GAATGT 
367 372 1.95 AAAGTT 
315 320 1.95 TGTAGT 
99 104 1.94 AACTTT 
YhiX 229 246 5.59 7.55-0.19 TTGGATAACCCTTTTTAT 
GadX DNA-binding 
transcriptional regulator 
Table 1 continued. Promoter region of bipA 
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Appendix III. ∆BipA strains in the environment 
 
To address the question of environmental stability between WT and ∆bipA strains 
I chose water as our environment. Lake water is known to contain nutrients that are 
required for microorganisms to grow. Bacteria growing in aquatic environments are 
usually carbon limited. Although the resources that are available depend on the 
conditions surrounding the lake that typify the habitat (131). 
 To test whether ∆bipA strains are at a disadvantage for survival, one liter of tap 
water from the Biology Physics Building at the University of Connecticut campus in 
Storrs, CT and one liter of lake water from Swan Lake, Storrs CT were filtered and 
autoclaved. The water was then inoculated with either E. coli MG1655 or its ∆bipA 
derivative. Samples of were taken at 0 hours, 6 hours, and every 24 hours thereafter until 
conclusion. The samples were diluted until colonies were countable and then the colony 
forming unit (CFU)/mL was calculated.  
When the wild-type and deletion strain were grown in sterilized tap water the cell density 
began decreasing at around 6 hours after addition, but there was no difference in the amount of 
cells per mL between the strains. By the 24 hour mark there were no viable cells (<1X103 cells at 
the limit of detection) in the experimental flasks and this remained until the experiment was 
ended at 48 hours post addition (Fig. 1).  When the strains were added to filtered and autoclaved 
lake water, cell density remained stable over six days of the experiment with no observable 
differences between the strains (Fig. 2). 
What I observed was that there were no observable differences between the two strains 
when grown in either sterilized tap or lake water. In the sterilized tap water there were no 
countable colonies by the first 24 hours after inoculation (Fig. 1). While, in the filtered and 
sterilized lake water the strains actually continued to grow but with no observable difference in 
the strains (Fig. 2). The lake water could have had the necessary nutrients present for the bacteria 
to grow in.  Without competition from other bacteria for the nutrients the strains were able to 




















































































Figure 2. Survivability of filtered and sterilized lake water over time for the wild-type and 
deletion strains. 
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Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
aat 1.08 0.04 1.64 0.00 0.29 0.03 
acrB 1.06 0.00 0.85 0.00 0.96 0.00 
acrR 1.06 0.01 0.40 0.04 0.80 0.00 
acrZ 1.32 0.00 0.53 0.00 1.30 0.00 
alaA 1.15 0.01 0.82 0.02 0.78 0.00 
ampC -0.78 0.05 0.25 0.01 -1.57 0.04 
amtB -1.54 0.00 -2.78 0.00 -1.59 0.00 
argB -1.93 0.01 -1.72 0.00 -0.55 0.03 
argC -1.96 0.03 -1.55 0.00 -0.59 0.01 
argG -2.00 0.00 -1.68 0.00 -0.31 0.02 
argH -1.72 0.00 -1.54 0.00 -0.52 0.00 
argI -2.81 0.00 -2.63 0.00 -0.67 0.00 
argT -2.35 0.02 -3.34 0.00 -1.75 0.03 
aroF -1.17 0.01 -1.59 0.00 -0.53 0.04 
aroH 1.09 0.03 0.35 0.01 1.38 0.00 
artJ -2.01 0.00 -1.73 0.00 -0.57 0.01 
asr 4.64 0.00 6.46 0.00 4.15 0.02 
azuC -1.51 0.03 -3.03 0.01 -2.36 0.04 
bcp 0.78 0.04 1.50 0.00 0.46 0.01 
bglA 0.73 0.02 1.15 0.00 0.56 0.00 
bglJ -2.13 0.03 -1.37 0.00 -1.75 0.00 
blc -1.54 0.01 -3.23 0.00 -1.28 0.01 
brnQ -0.39 0.04 -1.09 0.00 -0.75 0.00 
btuF 1.27 0.01 1.03 0.00 0.72 0.01 
carA -0.75 0.00 -1.84 0.00 -1.14 0.00 
cdd 0.95 0.01 0.91 0.04 1.79 0.03 
clpB 2.58 0.04 2.03 0.00 2.69 0.00 
codA -1.04 0.05 -1.91 0.00 -1.91 0.00 
codB -1.41 0.04 -2.32 0.00 -2.12 0.00 
cusA 0.75 0.00 1.62 0.00 -0.47 0.00 
cusB 0.36 0.00 1.50 0.00 -0.26 0.03 
 
Table.      2. Genes differentially expressed when strains were exposed to ethanol to 4%.  Each experiment 
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Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
cybB -0.88 0.00 -1.50 0.00 -0.70 0.02 
cydA 0.79 0.01 3.27 0.00 1.00 0.00 
cydB 1.19 0.05 3.03 0.00 0.84 0.00 
cydC 1.56 0.00 2.40 0.00 0.89 0.00 
cydD 1.48 0.00 2.42 0.00 1.02 0.00 
cyoA -2.50 0.01 -2.66 0.00 -2.34 0.04 
cyoB -3.08 0.03 -3.31 0.00 -2.26 0.03 
cysA 0.74 0.01 1.56 0.00 1.33 0.00 
cysC 0.78 0.00 1.12 0.00 1.51 0.00 
cysD 1.19 0.00 2.06 0.00 1.94 0.00 
cysH 0.46 0.03 1.38 0.00 1.53 0.00 
cysI 0.70 0.00 1.56 0.00 1.56 0.00 
cysJ 1.16 0.00 1.93 0.00 1.76 0.00 
cysK 0.85 0.01 1.79 0.00 1.74 0.00 
cysN 0.71 0.00 1.53 0.00 1.72 0.00 
cysP 1.69 0.00 3.34 0.00 2.02 0.00 
cysU 1.44 0.00 2.22 0.00 1.62 0.00 
cysW 0.92 0.00 1.65 0.00 1.33 0.00 
dadA -1.24 0.01 -1.12 0.00 -1.52 0.01 
dadX -0.92 0.03 -0.84 0.02 -1.53 0.01 
dctA -0.79 0.02 -1.47 0.00 -0.92 0.02 
deaD -1.29 0.00 -1.68 0.00 -0.81 0.00 
dgoA 1.64 0.00 2.39 0.00 1.36 0.03 
dgoR 0.96 0.05 1.26 0.01 0.80 0.00 
dhaK 1.51 0.00 2.08 0.01 2.24 0.00 
dhaL 1.28 0.01 2.38 0.01 2.09 0.00 
dhaM 1.21 0.01 2.32 0.01 1.96 0.00 
dnaG -0.99 0.04 -1.18 0.00 -1.02 0.00 
dnaJ 1.74 0.01 1.53 0.00 1.48 0.00 
dnaK 2.35 0.03 2.13 0.00 2.25 0.00 
dtpA 1.23 0.00 0.95 0.02 1.09 0.01 
fadA -1.86 0.00 -3.22 0.00 -1.30 0.03 
fadD -0.86 0.04 -1.28 0.00 -0.81 0.01 
fadI -2.57 0.02 -3.36 0.00 -0.78 0.04 
fadJ -1.38 0.04 -3.06 0.00 -0.68 0.03 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
fadL -1.46 0.00 -1.06 0.00 -0.82 0.02 
fbp 1.39 0.00 0.97 0.00 0.62 0.01 
fic -1.68 0.00 -2.01 0.00 -1.23 0.00 
fimB -0.76 0.03 -1.12 0.00 -0.82 0.02 
frsA 1.28 0.00 1.01 0.01 0.61 0.00 
fumA -1.30 0.02 -2.27 0.00 -1.34 0.04 
gcvB -1.10 0.01 -1.23 0.01 -1.63 0.04 
gcvH 0.44 0.00 0.87 0.01 1.38 0.00 
gcvT 0.46 0.00 0.68 0.04 1.35 0.01 
glcC -1.25 0.03 -2.41 0.01 -2.32 0.05 
glnA -1.73 0.04 -1.51 0.00 -1.25 0.00 
glnH -2.62 0.01 -1.74 0.00 -1.59 0.01 
glnK -5.37 0.00 -6.25 0.00 -2.69 0.00 
glnL -2.12 0.05 -1.84 0.00 -1.69 0.00 
glnP -2.80 0.04 -1.62 0.00 -1.77 0.03 
glpK 0.76 0.02 1.06 0.02 0.43 0.02 
gltJ -0.84 0.03 -1.77 0.00 -0.56 0.03 
gltK -0.71 0.05 -1.49 0.01 -0.56 0.02 
gltL -0.49 0.01 -1.46 0.00 -0.69 0.03 
gntP 1.39 0.05 1.70 0.00 0.86 0.01 
gpmA -1.21 0.04 -1.15 0.00 -0.61 0.01 
gpt -1.27 0.00 -0.81 0.00 -1.02 0.00 
greA -1.25 0.03 -0.90 0.00 -1.17 0.00 
groL 2.56 0.00 3.33 0.00 2.26 0.00 
groS 2.40 0.00 2.83 0.00 1.99 0.00 
grpE 2.23 0.04 1.87 0.00 2.36 0.00 
grxA 1.09 0.01 0.63 0.02 0.57 0.05 
gsiA 1.09 0.00 1.63 0.00 1.23 0.00 
gsiB 1.05 0.00 1.50 0.00 1.14 0.00 
gsiC 1.03 0.02 1.34 0.00 0.85 0.01 
guaB -1.10 0.00 -0.87 0.00 -0.61 0.00 
hcaF -0.73 0.02 -0.90 0.01 -1.11 0.03 
hcp -1.44 0.03 -0.99 0.04 -0.68 0.03 
hemL 1.43 0.01 2.23 0.00 0.98 0.00 
hisB -2.45 0.02 -1.28 0.00 -1.42 0.00 
hisC -2.81 0.01 -1.46 0.00 -1.30 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
hisD -2.73 0.00 -1.23 0.00 -0.81 0.02 
hmp 1.02 0.00 1.13 0.00 0.73 0.01 
hns -0.96 0.02 -1.04 0.00 -1.02 0.00 
hscB 1.47 0.05 -1.21 0.00 0.74 0.01 
hslU 2.04 0.01 2.24 0.00 2.12 0.00 
hslV 1.82 0.03 1.51 0.00 1.97 0.00 
htpG 2.29 0.02 2.47 0.00 2.29 0.00 
iaaA 1.13 0.00 1.63 0.00 1.18 0.00 
ilvB -2.19 0.01 -1.76 0.00 -1.30 0.01 
ilvD -1.13 0.01 -0.85 0.00 -1.04 0.00 
ilvE -1.76 0.01 -0.80 0.00 -0.77 0.00 
ilvG -2.33 0.00 -1.13 0.01 -0.91 0.01 
ilvL -1.05 0.04 -1.06 0.02 -1.24 0.00 
ilvM -3.06 0.00 -1.45 0.00 -1.90 0.04 
ilvN -2.24 0.00 -1.99 0.00 -1.03 0.04 
insI1_3 2.31 0.00 2.05 0.01 1.09 0.02 
insI1_4 2.80 0.00 1.95 0.03 1.13 0.01 
intF 1.30 0.01 0.54 0.03 1.08 0.00 
iscA 1.80 0.05 -0.87 0.00 1.46 0.00 
kgtP -0.93 0.00 -2.60 0.00 -1.58 0.05 
ldtA -1.01 0.01 -1.87 0.00 -1.19 0.00 
leuA -3.20 0.00 -2.18 0.00 -2.31 0.00 
leuB -2.70 0.00 -2.01 0.00 -2.16 0.00 
leuC -2.51 0.01 -1.91 0.00 -2.33 0.00 
leuD -2.30 0.00 -1.80 0.00 -2.31 0.00 
lnt 0.95 0.00 1.29 0.00 0.77 0.00 
loiP 1.31 0.00 1.14 0.00 0.93 0.00 
lon 1.61 0.04 1.16 0.00 1.85 0.00 
lplA 0.59 0.05 1.15 0.00 0.36 0.00 
lsrR 0.91 0.03 1.08 0.00 1.11 0.04 
lysP -1.63 0.01 -0.73 0.00 0.47 0.01 
maeB -0.89 0.02 -1.27 0.00 -0.70 0.02 
mdaB 0.94 0.03 1.08 0.01 0.87 0.01 
mdh -1.67 0.05 -1.98 0.00 -0.86 0.02 
mdtF -0.45 0.04 -1.26 0.00 -0.80 0.03 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
mdtI -2.38 0.02 -2.73 0.01 -2.03 0.00 
mdtJ -2.06 0.02 -2.60 0.00 -2.40 0.00 
metG 0.75 0.00 0.50 0.01 1.00 0.00 
mfd 1.46 0.01 0.96 0.00 1.15 0.00 
mhpR -1.28 0.01 -3.02 0.00 -2.05 0.04 
mlc 1.27 0.00 1.64 0.00 1.44 0.00 
mlrA -1.09 0.04 -2.36 0.00 -1.23 0.01 
mrp 1.05 0.00 1.08 0.00 1.04 0.00 
murI 1.30 0.00 1.35 0.00 0.98 0.00 
mutM 1.91 0.05 1.09 0.00 1.36 0.01 
nac -2.98 0.01 -4.44 0.00 -2.14 0.00 
nadA -2.17 0.05 -2.66 0.00 -0.61 0.00 
nadB -1.79 0.03 -2.72 0.00 -0.54 0.02 
nanA 1.28 0.03 1.19 0.00 1.25 0.00 
nfuA 1.96 0.02 -0.33 0.05 1.90 0.00 
norR 1.24 0.01 0.55 0.04 1.51 0.00 
nrdA 0.99 0.03 1.41 0.00 1.75 0.00 
nrdB 0.90 0.03 1.05 0.00 1.52 0.00 
nrdD 1.95 0.03 3.01 0.05 2.76 0.00 
nrdR 0.87 0.01 1.01 0.00 0.67 0.00 
nrfA -1.27 0.04 -1.37 0.04 -0.89 0.02 
nupC 0.90 0.02 1.51 0.00 1.92 0.00 
nusB 0.91 0.00 1.01 0.00 0.79 0.00 
obgE -1.22 0.01 -1.35 0.00 -0.94 0.00 
oppA 0.92 0.01 1.77 0.00 0.82 0.00 
oppB 1.19 0.00 2.61 0.00 0.73 0.00 
pabA -1.10 0.01 -1.92 0.00 -0.87 0.01 
pagP 1.60 0.00 1.29 0.01 1.10 0.04 
panB 0.90 0.01 1.30 0.00 0.87 0.00 
panC 0.74 0.02 1.20 0.00 0.63 0.00 
pdhR -1.13 0.04 -1.82 0.00 -1.69 0.00 
pgaA -1.46 0.04 -1.58 0.01 -2.17 0.01 
phoB 1.16 0.01 0.62 0.00 1.27 0.01 
phoU 2.00 0.00 1.86 0.00 2.55 0.00 
pka 0.43 0.03 1.11 0.00 0.62 0.02 
pnuC -1.89 0.04 -2.56 0.00 -0.57 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
potF -3.16 0.01 -3.56 0.00 -0.95 0.02 
pphA -1.14 0.05 -2.89 0.00 -0.89 0.00 
ppsA 1.98 0.03 1.81 0.00 1.02 0.01 
proP -1.01 0.00 -2.26 0.00 -1.43 0.00 
pspA 0.60 0.03 0.97 0.00 1.00 0.01 
pstA 2.50 0.00 1.76 0.01 2.56 0.00 
pstB 1.93 0.00 1.72 0.00 2.41 0.00 
pstC 2.20 0.00 1.58 0.01 2.36 0.00 
pstS 1.81 0.00 1.39 0.01 1.95 0.00 
puuR -0.47 0.03 -3.05 0.00 -0.82 0.03 
queF 1.05 0.00 1.00 0.00 0.44 0.03 
rfbA -0.74 0.05 -1.43 0.00 -0.51 0.03 
ribE 0.88 0.00 1.05 0.00 0.84 0.00 
rimM -1.03 0.00 -1.08 0.00 -0.58 0.00 
rpiA 0.65 0.00 1.24 0.00 0.91 0.00 
rpoS -1.02 0.02 -1.54 0.00 -0.89 0.01 
rsmJ 1.30 0.01 0.92 0.01 1.04 0.00 
sad 1.89 0.02 1.93 0.00 1.01 0.00 
sbp 0.40 0.04 1.69 0.00 1.21 0.00 
srlQ 1.15 0.01 1.56 0.01 0.68 0.01 
talB 0.81 0.04 1.59 0.00 0.43 0.00 
tdk -0.78 0.01 -1.44 0.00 -0.56 0.02 
thrL -1.02 0.01 -0.78 0.04 -0.88 0.02 
tktA 0.48 0.02 1.04 0.00 0.30 0.01 
trmD -1.08 0.01 -1.29 0.00 -0.57 0.00 
ugd -1.32 0.01 -1.94 0.00 -1.00 0.02 
ugpB -2.11 0.05 -3.10 0.00 -1.66 0.03 
uhpA -1.34 0.00 -1.32 0.00 -0.74 0.00 
upp -1.89 0.04 -2.31 0.00 -0.93 0.00 
uxuA 1.08 0.00 1.48 0.00 1.76 0.00 
uxuB 0.90 0.01 1.43 0.01 1.44 0.01 
wrbA -1.92 0.05 -2.22 0.00 -0.76 0.03 
yaaX -0.87 0.00 -0.81 0.01 -1.70 0.00 
yabP -0.37 0.04 -1.10 0.00 -0.61 0.01 
yacC 1.15 0.03 0.26 0.01 -0.24 0.05 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
yafD 1.23 0.00 0.79 0.00 0.80 0.00 
yafT -2.02 0.03 -1.75 0.02 -1.63 0.01 
yagI -1.61 0.04 -1.54 0.00 -0.68 0.01 
yagN 1.69 0.00 1.50 0.00 1.20 0.00 
yaiI 1.10 0.00 0.99 0.00 0.86 0.01 
ybaA -1.72 0.02 -1.86 0.02 -1.44 0.01 
ybbN 1.61 0.02 1.41 0.00 1.78 0.00 
ybeX 1.11 0.00 1.17 0.00 1.22 0.00 
ybeY 1.44 0.01 1.04 0.00 1.51 0.00 
ybeZ 1.19 0.04 0.82 0.00 1.44 0.00 
ybiO -0.69 0.00 -1.14 0.01 -0.63 0.05 
ybjJ 0.92 0.00 1.36 0.00 1.05 0.00 
ybjM 1.62 0.04 2.19 0.00 1.33 0.01 
yccJ -1.85 0.05 -2.11 0.00 -0.85 0.01 
yciW 1.42 0.00 1.66 0.00 1.37 0.00 
ycjF 2.64 0.03 2.03 0.00 2.40 0.00 
ycjX 2.12 0.04 1.31 0.00 2.25 0.00 
ydbD -1.24 0.03 -1.20 0.00 -1.68 0.03 
ydcA -1.55 0.05 -0.75 0.04 -1.72 0.00 
yddM -0.30 0.04 -1.35 0.00 -0.38 0.05 
ydiU 1.27 0.01 0.43 0.01 1.18 0.00 
ydiY -1.48 0.00 -2.00 0.00 -1.84 0.01 
ydjN 0.60 0.00 1.02 0.00 1.41 0.00 
yebF -1.69 0.03 -2.58 0.00 -0.94 0.01 
yecS 0.40 0.03 0.58 0.00 1.02 0.00 
yedL -1.08 0.03 -2.21 0.00 -1.06 0.01 
yeeD 1.00 0.01 1.94 0.00 1.90 0.00 
yeeE 1.06 0.02 1.94 0.00 1.86 0.00 
yegP -1.11 0.01 -1.80 0.00 -1.52 0.02 
yehW -0.63 0.05 -1.86 0.00 -1.72 0.03 
yejM 0.64 0.05 1.11 0.00 0.26 0.00 
yfaE 0.85 0.04 0.57 0.03 1.20 0.00 
yfiP 0.90 0.01 1.13 0.01 0.39 0.01 
ygfZ 1.25 0.05 1.81 0.00 0.95 0.00 
yggN -1.03 0.05 -0.72 0.01 -1.29 0.00 
ygjP 1.25 0.00 0.81 0.00 0.51 0.03 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
ygjR 0.75 0.02 1.20 0.00 0.42 0.04 
yhbE -1.52 0.04 -1.26 0.00 -1.10 0.00 
yhcG -1.09 0.00 -1.18 0.00 -1.22 0.00 
yhdW -1.78 0.01 -2.66 0.00 -1.88 0.00 
yhfG -1.48 0.00 -2.63 0.00 -1.41 0.00 
yhiI -0.65 0.04 -1.34 0.00 -1.25 0.01 
yibA 1.38 0.05 0.49 0.05 1.26 0.03 
yidQ -0.61 0.00 -0.74 0.00 -1.22 0.00 
yjcO 0.90 0.02 1.39 0.00 0.30 0.03 
yjeJ -0.26 0.01 -1.05 0.01 -0.49 0.01 
yjjZ -3.50 0.05 -2.23 0.01 -2.20 0.00 
yliI -1.05 0.02 -1.25 0.04 -0.98 0.05 
yncL -1.72 0.02 -1.36 0.00 -0.77 0.05 
yoeF -1.40 0.00 -1.61 0.04 -0.92 0.01 
ypdA 0.95 0.05 1.99 0.00 0.51 0.00 
ypeC 0.95 0.05 -1.17 0.01 -0.38 0.00 
yqeI 1.60 0.01 2.18 0.00 1.49 0.02 
yqeJ 1.53 0.00 5.11 0.00 1.63 0.00 
yqfB 0.89 0.02 1.05 0.00 0.63 0.02 
yqhC 1.64 0.00 2.51 0.00 1.22 0.00 
yqhD 3.27 0.00 5.16 0.00 2.93 0.00 
yqjC -1.27 0.01 -2.11 0.00 -0.86 0.00 
yqjD -1.25 0.03 -1.54 0.00 -0.66 0.00 
yqjE -1.16 0.04 -1.59 0.00 -0.68 0.00 
yqjF -1.56 0.00 -2.53 0.00 -0.99 0.04 
yqjK -1.12 0.03 -1.38 0.00 -0.66 0.03 
yrbN -1.41 0.00 -1.75 0.00 -1.13 0.01 

























Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
aaeR 0.47 0.00 1.01 0.00 0.69 0.00 
aceA 0.65 0.00 0.86 0.00 -2.74 0.00 
aceB 0.58 0.04 1.03 0.00 -0.64 0.00 
aceF -0.67 0.03 -1.52 0.00 -3.05 0.00 
acnA 0.97 0.01 1.11 0.00 -0.47 0.01 
acpS 1.01 0.00 0.64 0.00 0.41 0.03 
acuI 1.72 0.00 1.80 0.00 0.33 0.01 
ada 0.78 0.02 1.01 0.00 -0.57 0.03 
add -0.38 0.05 1.72 0.00 -0.93 0.00 
adhE 1.89 0.00 1.40 0.00 -0.42 0.01 
adhP 2.13 0.01 2.55 0.00 -1.38 0.00 
adiA -0.55 0.01 -0.21 0.00 -1.05 0.00 
agp 1.81 0.00 2.21 0.00 -1.63 0.00 
ahpC 0.71 0.02 0.81 0.00 2.40 0.00 
ahpF 0.34 0.05 1.98 0.00 3.04 0.00 
alaC 0.51 0.02 1.54 0.00 0.42 0.03 
alaE 1.18 0.00 1.83 0.00 1.72 0.04 
alkA 1.26 0.00 1.65 0.00 0.36 0.04 
allR 0.90 0.02 1.41 0.00 0.98 0.00 
alx -1.01 0.00 -0.67 0.02 -0.88 0.01 
amiD 1.05 0.00 1.20 0.00 0.35 0.01 
amn 0.82 0.00 0.89 0.00 -1.90 0.00 
ampD 1.02 0.01 1.06 0.01 0.50 0.04 
ampG -1.86 0.01 -1.75 0.00 -1.70 0.00 
amtB -1.61 0.03 0.50 0.00 -0.88 0.02 
amyA 2.36 0.00 2.92 0.00 -1.17 0.00 
ansP -2.18 0.00 -1.92 0.00 -1.86 0.00 
apaH 0.33 0.01 0.52 0.02 -1.14 0.00 
araF 0.51 0.01 1.08 0.05 0.59 0.01 
arcA 1.28 0.00 1.53 0.00 0.57 0.00 
argA -1.56 0.00 -2.01 0.01 1.71 0.00 
argB -1.62 0.00 -2.31 0.00 1.17 0.02 
Table.      3. Genes differentially expressed when strains were exposed to H2O2 to 1mM.  Each experiment 












Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
argC -1.76 0.00 -2.85 0.00 1.34 0.01 
argD -1.93 0.00 -2.55 0.00 1.47 0.02 
argF -0.83 0.00 -2.30 0.00 1.91 0.01 
argG -0.88 0.00 -1.71 0.00 1.14 0.01 
argH -1.52 0.00 -2.01 0.00 0.91 0.04 
argI -0.73 0.00 -3.42 0.00 1.87 0.02 
argQ -3.60 0.00 -2.63 0.00 -1.75 0.01 
argV -3.73 0.02 -3.00 0.00 -1.48 0.02 
argX -5.29 0.00 -2.76 0.00 -2.07 0.00 
argY -3.83 0.01 -2.01 0.00 -1.20 0.03 
arnA 1.76 0.01 2.20 0.00 -0.76 0.01 
arnB 2.53 0.00 2.74 0.00 0.66 0.03 
arnD 1.50 0.01 2.12 0.00 -0.82 0.01 
arnE 1.22 0.00 1.77 0.01 -1.36 0.03 
arnT 1.60 0.01 1.86 0.00 -0.90 0.01 
aroD 0.73 0.01 1.07 0.00 0.34 0.05 
aroF 1.46 0.02 3.61 0.00 3.89 0.00 
aroH -0.92 0.01 1.29 0.00 1.65 0.00 
aroL -0.98 0.00 1.39 0.00 0.71 0.01 
arpA -0.74 0.03 -0.80 0.00 -3.88 0.00 
artI 0.67 0.00 -0.06 0.00 2.12 0.00 
artJ -1.47 0.00 -2.88 0.00 2.12 0.00 
aslB -2.69 0.02 -2.23 0.00 -1.07 0.01 
asnA -2.85 0.02 -2.87 0.00 -2.34 0.00 
asnC -0.37 0.01 -0.48 0.02 -1.94 0.00 
asnS -0.49 0.01 -0.34 0.00 1.19 0.00 
aspA -0.25 0.04 0.19 0.01 -1.02 0.00 
atpA -1.31 0.00 -1.62 0.00 -1.05 0.00 
atpB -1.39 0.00 -1.28 0.00 -0.34 0.00 
atpC -1.18 0.00 -1.43 0.00 -1.43 0.00 
atpD -1.20 0.00 -1.68 0.00 -1.43 0.00 
atpE -1.03 0.00 -1.29 0.00 -0.53 0.00 
atpF -1.31 0.00 -1.39 0.00 -0.79 0.00 
atpG -1.40 0.00 -1.82 0.00 -1.45 0.00 
atpH -1.40 0.00 -1.55 0.00 -0.95 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
atpI -2.57 0.00 -2.04 0.00 -1.04 0.00 
bamE 1.14 0.00 1.03 0.00 0.81 0.00 
basR 1.22 0.00 1.67 0.00 0.67 0.01 
bax -1.21 0.00 -1.37 0.00 -0.84 0.00 
bcsB 0.45 0.01 0.30 0.04 -1.38 0.00 
bcsC 0.63 0.01 0.90 0.00 -1.14 0.00 
bcsE 1.22 0.01 1.57 0.00 -0.57 0.00 
bcsF 1.44 0.01 2.19 0.00 -1.21 0.02 
bcsG 1.40 0.00 1.70 0.00 -1.90 0.00 
betT -1.25 0.05 -1.62 0.00 -0.47 0.01 
bglF -1.52 0.00 -0.81 0.01 -0.73 0.00 
bioC -1.96 0.01 -0.59 0.02 -2.90 0.01 
bioD -1.67 0.03 -0.79 0.01 -2.43 0.00 
bioF -1.95 0.01 -0.42 0.04 -2.66 0.01 
bsmA 1.03 0.01 1.98 0.00 0.32 0.04 
bssS 0.64 0.00 2.81 0.00 -0.24 0.03 
btuB -0.89 0.02 -1.06 0.00 -1.34 0.00 
btuD 1.38 0.01 1.99 0.00 -0.54 0.03 
btuE 2.02 0.01 2.36 0.00 0.41 0.03 
cadC 0.53 0.01 1.46 0.00 -1.08 0.02 
caiF -2.15 0.00 -1.34 0.00 -1.59 0.00 
carA -5.58 0.00 -7.21 0.00 -1.97 0.00 
carB -5.10 0.00 -5.73 0.00 -2.42 0.00 
cbl -1.29 0.00 -1.36 0.00 -2.29 0.00 
cdd 1.54 0.00 1.92 0.00 0.58 0.01 
cdh -1.62 0.00 -1.28 0.00 -0.94 0.01 
chaC 1.19 0.00 1.86 0.00 -0.22 0.04 
chbR 0.86 0.04 1.64 0.00 -0.53 0.02 
cheY 0.97 0.04 1.34 0.00 -2.74 0.00 
chiP -1.68 0.05 -1.60 0.00 -1.39 0.01 
chiQ -1.40 0.00 -1.13 0.00 -1.21 0.00 
cho 0.29 0.05 1.88 0.00 1.50 0.00 
clpA 0.96 0.00 3.03 0.00 0.64 0.01 
clsB 1.95 0.00 3.12 0.00 -0.86 0.00 
clsC 1.05 0.01 1.32 0.00 -0.82 0.00 
cmk -1.32 0.00 -1.11 0.00 -0.60 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
cobB 0.67 0.02 0.69 0.00 -1.02 0.00 
cobC -0.71 0.03 -0.73 0.00 -2.12 0.00 
codA -2.94 0.01 -2.98 0.00 -2.82 0.00 
codB -4.10 0.01 -4.43 0.00 -3.55 0.00 
crfC 1.26 0.02 2.93 0.00 0.47 0.01 
crl 0.41 0.02 1.09 0.00 1.62 0.00 
crp 0.62 0.00 1.03 0.00 1.19 0.00 
crr 1.14 0.00 0.88 0.00 -0.22 0.01 
csgD 2.13 0.03 4.63 0.00 -0.52 0.01 
csgF 2.68 0.05 4.30 0.00 -2.18 0.00 
csgG 2.29 0.03 2.71 0.00 -1.51 0.00 
csiE 1.11 0.00 1.44 0.01 -1.08 0.03 
csiR 1.33 0.02 2.18 0.00 -0.52 0.00 
cspA -1.19 0.01 -1.01 0.00 -0.41 0.00 
cspB -1.84 0.01 -1.15 0.00 -0.81 0.01 
cspG -2.98 0.00 -3.00 0.00 -1.22 0.00 
cspH -4.94 0.02 -3.97 0.00 -3.62 0.00 
csrC 3.22 0.05 2.49 0.00 0.55 0.01 
cstA -0.43 0.01 -0.50 0.01 -1.82 0.00 
curA 2.03 0.01 3.07 0.00 -0.74 0.00 
cusA -1.72 0.01 -2.88 0.00 -1.69 0.00 
cusB -1.68 0.01 -2.58 0.00 -0.96 0.00 
cusC -1.59 0.00 -2.49 0.00 0.30 0.01 
cusF -1.56 0.01 -2.48 0.00 -0.87 0.00 
cusR -1.39 0.01 -1.75 0.00 0.63 0.00 
cusS -1.70 0.00 -1.77 0.00 -0.20 0.05 
cvpA -2.34 0.00 -3.65 0.00 -0.43 0.00 
cydA 1.60 0.01 1.39 0.00 0.14 0.03 
cydB 1.35 0.01 1.32 0.00 -0.50 0.00 
cydX 1.48 0.01 1.64 0.00 -0.59 0.01 
cyoA -0.99 0.00 -1.66 0.00 -1.13 0.00 
cyoB -0.91 0.00 -1.64 0.00 -1.84 0.00 
cyoC -0.95 0.00 -1.76 0.00 -2.29 0.00 
cyoD -0.97 0.00 -1.73 0.00 -2.41 0.00 
cyoE -0.94 0.00 -1.77 0.00 -2.57 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
cysA -1.93 0.01 -1.72 0.00 -4.67 0.00 
cysC -1.92 0.00 -1.47 0.00 -5.73 0.00 
cysD -1.63 0.01 -1.58 0.00 -5.43 0.00 
cysH -1.55 0.00 -1.22 0.00 -3.69 0.00 
cysI -1.80 0.00 -1.68 0.00 -5.38 0.00 
cysJ -1.92 0.01 -2.24 0.00 -5.50 0.00 
cysK -0.32 0.03 -0.50 0.00 -1.41 0.00 
cysM -1.40 0.02 -1.13 0.00 -1.49 0.00 
cysN -1.53 0.00 -1.05 0.00 -4.82 0.00 
cysP -1.79 0.05 -2.41 0.00 -3.38 0.00 
cysQ 1.90 0.00 3.31 0.00 0.97 0.00 
cysT -3.18 0.01 -2.62 0.00 -1.21 0.02 
cysU -2.38 0.02 -2.90 0.00 -4.45 0.00 
cysW -2.34 0.01 -2.61 0.00 -4.72 0.00 
dacC 1.68 0.00 2.42 0.00 1.27 0.00 
dadA 1.96 0.01 3.46 0.00 2.52 0.00 
dadX 1.60 0.01 3.44 0.00 2.42 0.00 
dapE 0.74 0.00 1.34 0.00 1.07 0.00 
dcrB 0.75 0.01 0.97 0.00 1.01 0.00 
dctA -1.93 0.00 -1.31 0.00 -1.82 0.00 
ddlA 0.67 0.03 0.82 0.00 1.70 0.00 
ddpA 0.51 0.01 1.79 0.00 -1.65 0.02 
ddpF 1.12 0.02 2.28 0.00 -1.55 0.00 
degQ 1.85 0.00 2.10 0.00 0.56 0.00 
deoC 1.71 0.00 1.91 0.00 0.51 0.03 
dhaL 0.30 0.03 1.04 0.00 -0.93 0.00 
dinB 1.74 0.00 2.90 0.00 2.73 0.00 
dinD 0.98 0.00 2.48 0.00 2.19 0.00 
dinF 0.89 0.01 1.86 0.00 1.59 0.00 
dinI 0.61 0.00 2.34 0.00 2.99 0.00 
dinQ 1.26 0.01 1.02 0.00 1.11 0.00 
dkgA 2.36 0.00 3.06 0.00 -1.26 0.00 
dksA 1.23 0.00 1.46 0.00 1.88 0.00 
dld 0.81 0.00 1.13 0.00 -0.29 0.02 
dnaG -0.80 0.00 -0.85 0.00 -1.07 0.00 
dosP 2.27 0.00 3.54 0.00 -2.26 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
dppB -1.14 0.01 -0.34 0.01 -1.04 0.00 
dppD -1.19 0.00 -0.16 0.00 -1.58 0.01 
dppF -1.17 0.00 -0.51 0.01 -1.72 0.00 
dps 2.85 0.00 5.23 0.00 4.63 0.00 
dsrB 1.15 0.00 1.53 0.00 1.54 0.00 
dusB -2.20 0.00 -0.64 0.00 -0.39 0.03 
eco 1.36 0.00 1.95 0.00 2.13 0.00 
elaB 1.99 0.00 2.84 0.00 -0.49 0.00 
elbB 0.96 0.02 1.20 0.00 -0.46 0.02 
emrA -0.64 0.01 -0.34 0.01 -1.42 0.00 
emrB -0.56 0.04 -0.31 0.02 -1.80 0.00 
epmC -1.19 0.00 -0.92 0.00 -1.94 0.00 
eptB -1.79 0.01 -1.72 0.00 -2.06 0.00 
eptC -1.16 0.00 -0.86 0.00 -1.00 0.00 
exuR 0.78 0.00 1.38 0.00 1.01 0.00 
fabA -0.67 0.05 -1.08 0.00 1.78 0.00 
fadB -0.43 0.04 1.25 0.01 -0.88 0.04 
fadE 0.64 0.01 2.51 0.00 0.15 0.05 
fbaB 2.33 0.01 2.84 0.00 -0.46 0.01 
fdx -1.33 0.00 0.63 0.04 -0.57 0.01 
fhlA 0.83 0.01 1.06 0.01 -0.63 0.03 
fic 1.99 0.00 2.66 0.00 -0.80 0.00 
fimC -1.33 0.02 -1.13 0.00 -0.77 0.00 
fimD -1.19 0.04 -1.01 0.00 -1.53 0.00 
fimF -1.18 0.03 -1.40 0.00 -2.82 0.00 
fiu -1.26 0.03 -1.48 0.00 -2.91 0.00 
flgE -0.32 0.01 -1.12 0.02 -2.61 0.00 
flhC -0.93 0.01 -0.67 0.00 -1.72 0.00 
fliI -1.33 0.02 -1.05 0.00 -3.81 0.00 
fliY 0.60 0.00 0.35 0.00 -1.11 0.00 
focA 1.16 0.00 0.91 0.00 -0.52 0.01 
folK -1.35 0.01 -1.55 0.00 -0.67 0.01 
frdA 1.24 0.03 1.70 0.00 0.12 0.04 
fruA 1.59 0.01 1.48 0.00 1.15 0.00 
fruB 1.33 0.03 1.54 0.00 0.46 0.01 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
fruK 1.79 0.01 1.56 0.00 1.03 0.00 
frvR -0.71 0.01 -1.07 0.03 -0.79 0.05 
ftnB 0.71 0.02 1.58 0.00 1.59 0.00 
ftsA 0.19 0.00 -0.51 0.00 -1.21 0.00 
ftsZ 0.41 0.00 -0.27 0.01 -1.17 0.00 
fucU 1.09 0.00 1.29 0.01 0.97 0.00 
gabD 1.91 0.00 2.79 0.00 -1.36 0.01 
gabP 1.93 0.01 2.45 0.00 -2.27 0.00 
gabT 2.01 0.01 2.90 0.00 -2.18 0.00 
gadA 1.54 0.00 1.39 0.01 -2.08 0.00 
gadB 1.43 0.00 1.31 0.00 -2.77 0.01 
gadC 1.50 0.00 1.51 0.00 -2.10 0.00 
gadE 1.57 0.00 3.64 0.00 -3.56 0.00 
gadX 1.09 0.03 1.38 0.00 -0.56 0.00 
galP 0.98 0.05 1.55 0.00 -0.25 0.00 
galS -2.34 0.01 -1.52 0.00 -1.99 0.00 
galU 1.09 0.00 0.77 0.00 0.16 0.04 
gapC 0.37 0.03 1.34 0.00 -1.76 0.00 
gatA -1.32 0.00 -1.48 0.00 -4.80 0.00 
gatB -1.28 0.00 -1.54 0.00 -4.24 0.00 
gatC -1.05 0.00 -1.57 0.00 -3.47 0.00 
gatD -0.77 0.00 -1.23 0.00 -4.53 0.00 
gatR -1.48 0.00 -1.06 0.00 -2.01 0.00 
gatZ -0.87 0.00 -0.77 0.00 -3.43 0.00 
gcvH -1.38 0.01 -2.51 0.00 -0.98 0.00 
gcvP -1.28 0.00 -2.42 0.00 -2.29 0.00 
gcvT -1.40 0.00 -2.71 0.00 -1.28 0.00 
gdhA -0.96 0.02 -1.87 0.00 -2.79 0.00 
ggt 2.44 0.00 3.46 0.00 -1.50 0.00 
ghrB 1.21 0.00 0.91 0.00 0.41 0.01 
glcB 1.55 0.02 1.68 0.00 -0.61 0.01 
glcF 1.23 0.03 1.72 0.00 -0.35 0.03 
gldA 1.38 0.01 1.00 0.00 1.23 0.01 
glf -0.39 0.03 -0.47 0.01 -1.27 0.00 
glgA 0.97 0.00 1.04 0.00 -2.17 0.00 
glgB 0.40 0.00 0.86 0.00 -1.59 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
glgC 0.90 0.00 0.97 0.00 -2.47 0.00 
glgP 0.78 0.00 0.80 0.00 -2.51 0.00 
glgS 2.99 0.01 4.41 0.00 1.55 0.00 
glgX 0.49 0.01 0.81 0.00 -2.49 0.00 
glnA -3.57 0.00 -1.30 0.00 -4.71 0.00 
glnL -2.88 0.00 -1.13 0.00 -4.48 0.00 
glnP -1.32 0.01 -1.00 0.00 -2.37 0.00 
glnQ -1.34 0.02 -1.14 0.00 -2.70 0.00 
glnU -3.82 0.01 -2.91 0.00 -2.22 0.00 
glnV -3.49 0.01 -2.87 0.00 -2.61 0.00 
glnW -3.76 0.01 -2.90 0.00 -2.47 0.00 
glnX -3.37 0.03 -3.09 0.00 -2.40 0.00 
gloA 1.28 0.00 0.63 0.00 0.37 0.03 
glsA 2.74 0.02 3.94 0.00 -1.24 0.01 
gltB -1.37 0.00 -1.06 0.00 -2.42 0.00 
gltD -1.27 0.00 -1.20 0.00 -3.41 0.00 
gltF -2.36 0.00 -2.37 0.00 -2.06 0.00 
gltK -0.79 0.00 -0.26 0.03 -2.95 0.00 
glyA -0.33 0.02 -2.52 0.00 -0.20 0.01 
glyT -1.79 0.01 -2.28 0.01 -0.69 0.04 
glyV -1.78 0.01 -1.89 0.00 -1.79 0.00 
glyW -3.36 0.00 -3.31 0.00 -1.49 0.01 
gmhA 0.73 0.00 0.69 0.00 1.04 0.00 
gnsA -1.76 0.02 -2.37 0.00 -0.79 0.01 
gpr 0.87 0.00 0.32 0.04 -1.30 0.00 
grxA 0.98 0.04 4.39 0.00 5.31 0.01 
grxB 1.49 0.02 1.57 0.00 -0.69 0.00 
gsk -1.06 0.01 -1.06 0.00 -0.44 0.00 
gstA 1.68 0.00 2.00 0.00 1.55 0.00 
gstB 1.75 0.00 2.06 0.00 1.74 0.00 
gtrB -0.51 0.05 -0.84 0.00 -1.31 0.00 
gtrS -0.81 0.00 -1.60 0.00 -3.54 0.00 
guaA -1.44 0.00 -1.72 0.00 -0.91 0.00 
guaB -1.87 0.00 -2.97 0.00 -0.57 0.00 
hchA 2.25 0.00 3.46 0.00 -0.55 0.04 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
hda -1.27 0.00 -1.55 0.00 -1.23 0.00 
hdeA 1.20 0.00 1.69 0.00 -2.37 0.00 
hdeB 1.12 0.00 2.04 0.00 -2.66 0.00 
hdeD 1.20 0.01 1.01 0.02 -1.89 0.01 
hemH 1.32 0.00 1.32 0.00 1.14 0.01 
hflD -0.95 0.00 -1.14 0.00 -0.39 0.02 
hflK 0.23 0.01 0.17 0.04 -1.06 0.00 
hinT 1.52 0.00 1.38 0.00 0.54 0.00 
hisA 0.55 0.01 1.09 0.01 -1.92 0.00 
hisB 0.45 0.00 1.54 0.00 -1.83 0.00 
hisC 0.29 0.04 1.75 0.00 -2.33 0.00 
hisF 0.67 0.02 0.75 0.02 -2.46 0.00 
hisH 0.37 0.03 1.32 0.01 -1.89 0.00 
hisI 0.92 0.02 0.58 0.02 -2.37 0.00 
hisJ -1.25 0.04 -1.81 0.00 1.09 0.00 
hisQ -1.43 0.03 -1.39 0.00 0.45 0.01 
hisR -3.72 0.01 -2.85 0.00 -2.03 0.00 
hisR -3.72 0.01 -2.85 0.00 -2.03 0.00 
hns 0.99 0.00 1.18 0.00 1.15 0.00 
holA -0.55 0.02 -0.45 0.00 -1.27 0.00 
hscB -2.03 0.01 0.81 0.04 -0.85 0.02 
hsdS -1.96 0.02 -1.52 0.00 -3.49 0.00 
hspQ 0.78 0.00 2.13 0.00 -0.41 0.01 
htpX -0.26 0.00 -0.17 0.01 1.02 0.00 
ihfB 1.94 0.00 1.27 0.00 1.42 0.00 
ilvB -0.79 0.03 0.68 0.01 -2.07 0.01 
ilvC -1.93 0.05 -1.89 0.00 -4.52 0.00 
ilvD -0.77 0.01 0.25 0.03 -1.10 0.00 
ilvG -1.35 0.02 -0.70 0.00 -0.75 0.04 
ilvM -2.15 0.01 -1.44 0.01 -2.16 0.00 
ilvN -0.80 0.00 1.10 0.01 -2.49 0.00 
infA -1.70 0.00 -1.41 0.00 -0.42 0.00 
insA_4 -1.83 0.03 -1.58 0.01 -1.35 0.00 
insB1_4 -1.97 0.01 -1.95 0.00 -1.00 0.00 
insJ -1.77 0.03 -1.95 0.01 -0.82 0.00 
insP 1.26 0.00 2.09 0.00 -0.80 0.02 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
insZ -1.38 0.00 -1.00 0.01 -0.75 0.01 
intB 0.98 0.01 1.22 0.00 -0.68 0.00 
iraP 1.29 0.00 3.05 0.00 0.55 0.03 
iscA -1.37 0.00 1.63 0.00 0.39 0.02 
iscR -1.36 0.02 2.12 0.00 0.98 0.00 
iscS -1.99 0.00 1.47 0.01 0.53 0.00 
iscU -1.56 0.00 1.63 0.01 0.49 0.01 
ispH -0.66 0.00 -0.29 0.02 -1.53 0.00 
ispU -1.32 0.00 -0.81 0.00 -0.56 0.01 
ivy 1.38 0.00 1.22 0.00 0.84 0.00 
katE 1.64 0.03 2.37 0.00 -1.65 0.00 
kbl 1.36 0.00 1.53 0.00 0.96 0.00 
kch 0.94 0.00 0.81 0.00 -1.24 0.00 
kdgT -1.43 0.04 -1.90 0.00 -1.07 0.01 
kefF 1.17 0.02 0.89 0.04 0.61 0.04 
kefG 0.84 0.02 1.11 0.00 0.28 0.03 
lamB -1.71 0.00 -1.32 0.02 -2.42 0.01 
ldcC 1.99 0.00 2.52 0.00 -0.68 0.00 
ldrD 0.83 0.05 1.06 0.02 -1.69 0.01 
leuP -1.63 0.00 -1.35 0.01 -1.59 0.00 
leuQ -1.20 0.03 -1.29 0.02 -1.16 0.00 
leuT -4.25 0.00 -2.54 0.00 -2.45 0.00 
leuW -3.85 0.00 -2.94 0.00 -2.15 0.00 
leuZ -3.21 0.01 -2.49 0.00 -1.55 0.00 
lexA 1.45 0.00 2.17 0.00 1.89 0.00 
lhgO 2.00 0.00 2.80 0.00 -1.02 0.00 
livF -0.68 0.02 -0.20 0.00 -3.21 0.00 
livJ 0.48 0.00 -0.51 0.01 -1.63 0.00 
lpoB 1.54 0.00 1.48 0.00 0.45 0.03 
lpxH -1.13 0.00 -0.83 0.00 -1.19 0.00 
lpxT -1.72 0.00 -2.14 0.00 -1.31 0.00 
lsrB 1.19 0.03 1.15 0.04 -1.20 0.00 
lsrK 0.50 0.03 1.30 0.00 -0.45 0.01 
lsrR 0.86 0.01 1.01 0.02 0.66 0.00 
luxS 1.76 0.00 1.94 0.00 0.35 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
lysA -0.70 0.00 -1.59 0.00 -2.57 0.00 
lysC -2.19 0.03 -2.26 0.00 -2.83 0.00 
lysP -1.94 0.01 -1.94 0.00 -1.06 0.00 
lysT -3.27 0.00 -2.73 0.00 -1.86 0.00 
lysW -3.85 0.00 -2.60 0.00 -1.90 0.00 
lysY -3.87 0.01 -3.19 0.00 -2.23 0.01 
lysZ -3.29 0.00 -3.16 0.00 -2.22 0.00 
macA 0.55 0.00 1.00 0.00 -0.25 0.02 
mak 1.40 0.00 1.59 0.00 0.94 0.02 
malE -2.14 0.00 -1.98 0.01 -2.27 0.00 
malF -2.11 0.00 -1.24 0.02 -1.83 0.00 
malG -1.42 0.00 -0.60 0.05 -1.82 0.00 
malK -2.18 0.00 -2.31 0.03 -1.40 0.03 
malP 0.71 0.00 1.66 0.00 -0.92 0.00 
malQ 0.71 0.00 1.59 0.00 -1.43 0.00 
malY 0.47 0.01 1.10 0.00 0.78 0.00 
manX 0.69 0.03 0.53 0.01 -1.57 0.00 
manY 0.68 0.02 0.41 0.02 -1.38 0.00 
manZ 0.64 0.05 0.43 0.01 -1.06 0.00 
marA -1.94 0.02 -2.03 0.00 -1.37 0.00 
marC 1.35 0.00 1.19 0.00 0.55 0.01 
marR -2.36 0.02 -2.11 0.00 -1.73 0.00 
mcbR 1.88 0.00 2.89 0.00 -1.35 0.00 
mcrC -0.86 0.03 -1.42 0.00 -3.05 0.01 
mdtE 1.15 0.03 1.42 0.02 -1.57 0.00 
mdtF 0.86 0.02 1.32 0.00 -1.26 0.00 
mdtH 0.50 0.02 1.35 0.02 1.13 0.00 
mdtM 0.86 0.01 2.08 0.00 0.97 0.01 
menC 0.57 0.04 0.41 0.02 -1.46 0.00 
mepM -1.53 0.00 -1.11 0.00 -1.10 0.00 
mepS -1.73 0.00 -1.30 0.00 -1.14 0.00 
metA -1.58 0.00 -2.50 0.00 -3.02 0.00 
metB -1.18 0.01 -1.18 0.01 -1.62 0.00 
metE -4.21 0.00 -4.77 0.00 -4.86 0.00 
metF -3.58 0.02 -3.07 0.00 -3.91 0.00 
metI -1.30 0.00 -1.46 0.00 -2.07 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
metK -0.78 0.01 -1.99 0.00 -2.36 0.00 
metL -1.76 0.00 -1.31 0.00 -0.77 0.00 
metN -1.16 0.01 -1.63 0.00 -1.92 0.00 
metQ -0.72 0.01 -1.09 0.00 -1.53 0.00 
metT -3.65 0.00 -2.49 0.00 -2.10 0.00 
metU -4.46 0.01 -3.40 0.00 -2.52 0.00 
metY -3.00 0.00 -1.79 0.01 -2.04 0.01 
metZ -3.63 0.02 -3.11 0.05 -2.70 0.00 
mfd -0.47 0.01 -0.34 0.00 -1.48 0.00 
mglA -2.90 0.00 -1.49 0.00 -1.84 0.00 
mglC -2.24 0.00 -1.78 0.00 -1.98 0.01 
mgtA -2.68 0.01 -1.64 0.00 -1.05 0.00 
mhpD -0.28 0.05 0.39 0.03 -1.10 0.00 
mhpE 0.13 0.05 1.00 0.01 -0.45 0.01 
miaB -0.54 0.00 -0.21 0.00 1.09 0.00 
micA 1.99 0.00 2.27 0.00 0.92 0.00 
mlaB 0.81 0.00 0.81 0.00 1.54 0.00 
mlaC 0.81 0.00 0.74 0.00 1.55 0.00 
mlaD 0.34 0.00 0.18 0.05 1.36 0.00 
mlrA 1.16 0.00 1.97 0.00 -0.74 0.01 
mltD -1.69 0.00 -1.20 0.00 -1.57 0.00 
mltF -1.50 0.03 -1.77 0.00 -0.98 0.00 
mmuP -1.55 0.00 -1.35 0.01 -1.14 0.01 
mnaT 1.06 0.00 1.75 0.00 0.98 0.00 
moaB 1.33 0.00 1.93 0.00 1.05 0.01 
moaC 1.27 0.00 1.52 0.00 0.65 0.00 
moaD 1.21 0.00 1.40 0.00 0.52 0.03 
moaE 1.22 0.00 1.40 0.00 0.45 0.04 
mprA -0.99 0.00 -1.39 0.00 -1.61 0.00 
mqo -2.44 0.01 -1.73 0.00 -3.40 0.00 
mqsA 0.50 0.00 1.30 0.00 0.39 0.04 
mrdA -1.74 0.00 -1.42 0.00 -1.03 0.00 
mreC -1.06 0.00 -1.25 0.00 -1.12 0.00 
mreD -0.94 0.00 -1.03 0.00 -1.26 0.00 
mscM -0.37 0.00 -0.32 0.00 -1.83 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
mscS 2.30 0.00 2.28 0.00 1.11 0.00 
msrA 1.96 0.00 2.75 0.00 0.90 0.02 
mtlA 1.59 0.01 1.23 0.00 -0.90 0.01 
mtlD 1.10 0.00 1.25 0.00 -0.79 0.00 
mtlR 0.48 0.01 1.46 0.00 -0.68 0.01 
mug 1.60 0.00 1.44 0.00 0.48 0.02 
murG -0.51 0.02 -0.60 0.00 -1.87 0.00 
mutT -1.55 0.02 -1.12 0.00 -1.90 0.00 
nac -2.35 0.00 0.48 0.00 -2.74 0.00 
nadA -2.83 0.00 -1.29 0.00 -4.08 0.00 
nadB -3.40 0.00 -0.97 0.00 -4.63 0.00 
nadE 1.01 0.00 1.07 0.00 0.30 0.01 
nadK 0.72 0.00 1.18 0.00 0.36 0.01 
nanK 1.24 0.00 2.09 0.00 -0.82 0.01 
nanM 2.15 0.00 3.59 0.00 -0.79 0.03 
nanR 0.73 0.03 1.11 0.00 0.82 0.00 
nanS 1.23 0.00 1.83 0.00 -1.21 0.03 
narL 1.13 0.02 1.17 0.00 -0.54 0.01 
narZ 1.95 0.05 2.88 0.00 -1.41 0.00 
ndk -2.21 0.00 -2.08 0.00 0.22 0.00 
nfrB -1.30 0.00 -0.93 0.01 -1.35 0.00 
nfsB -0.52 0.05 -1.12 0.00 0.59 0.00 
nhaR 0.60 0.00 1.28 0.00 -0.90 0.00 
nlpC 0.80 0.00 1.06 0.00 0.72 0.00 
nlpD 0.95 0.01 1.70 0.00 0.58 0.00 
nnr 1.03 0.00 1.48 0.00 -0.31 0.01 
nrdD 2.60 0.00 3.22 0.00 0.89 0.01 
nrdE 2.04 0.03 2.46 0.00 -0.27 0.01 
nrdF 2.23 0.05 2.32 0.00 -1.46 0.00 
nrdG 1.53 0.00 2.46 0.00 -0.78 0.03 
nrdH 2.32 0.05 2.73 0.00 1.50 0.00 
nrdI 1.98 0.04 2.39 0.00 0.88 0.00 
nth -1.11 0.01 -1.45 0.00 -2.37 0.00 
nudK 1.06 0.00 0.99 0.01 0.30 0.01 
nuoG -0.30 0.04 -1.14 0.00 -2.51 0.00 
nuoM -0.44 0.04 -1.77 0.00 -3.35 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
nuoN -0.62 0.02 -1.98 0.00 -2.69 0.00 
ompA 1.50 0.00 1.20 0.00 0.33 0.02 
ompR 1.12 0.00 1.33 0.00 0.54 0.01 
ompX 2.00 0.01 1.68 0.00 1.38 0.00 
opgB -0.83 0.02 -1.50 0.00 0.24 0.01 
opgC -1.22 0.01 -1.21 0.00 -2.06 0.00 
opgH -0.57 0.01 -0.66 0.00 -1.60 0.00 
oppC -0.18 0.01 -0.16 0.03 -2.89 0.00 
oppF -0.18 0.05 -0.29 0.02 -2.48 0.00 
osmC 2.92 0.01 4.14 0.00 -0.52 0.02 
osmF 2.29 0.00 2.92 0.00 0.57 0.00 
otsA 1.78 0.02 3.00 0.00 -1.93 0.00 
otsB 1.82 0.02 3.18 0.00 -0.78 0.00 
oxyS 5.24 0.01 7.47 0.01 6.68 0.00 
paaY 0.87 0.00 1.19 0.00 -0.83 0.04 
pabA 0.88 0.01 1.24 0.00 -0.35 0.05 
paoA 2.15 0.01 3.01 0.00 -0.58 0.01 
paoD 1.64 0.01 2.32 0.00 -1.25 0.01 
patA 2.92 0.00 4.21 0.00 -0.62 0.00 
patD 1.51 0.00 1.42 0.00 -2.25 0.00 
pbpC -0.58 0.01 -0.41 0.00 -1.96 0.00 
pcnB -1.43 0.00 -1.26 0.00 -0.31 0.00 
pdxA -0.53 0.00 -0.31 0.01 -1.71 0.00 
pepN 0.62 0.00 1.21 0.00 -0.67 0.01 
pepT 1.77 0.00 2.38 0.00 0.81 0.00 
pfkA 1.64 0.00 1.45 0.00 0.93 0.00 
pfkB 1.45 0.01 1.87 0.00 0.52 0.05 
pflA 0.58 0.03 1.08 0.00 0.27 0.01 
pflB 1.06 0.00 0.39 0.00 -1.17 0.00 
pgi 0.81 0.00 -0.72 0.00 -1.31 0.00 
pheP -1.90 0.01 -2.27 0.00 0.93 0.00 
phnO 1.60 0.00 1.34 0.00 0.48 0.05 
phoB 0.73 0.01 1.00 0.00 1.19 0.00 
phoH 1.43 0.01 4.13 0.00 -0.31 0.01 
phr 1.77 0.02 2.28 0.00 -0.95 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
plaP -2.59 0.01 -2.50 0.00 0.59 0.02 
plsB -0.60 0.00 -0.99 0.00 -1.17 0.00 
plsX -0.99 0.00 -1.05 0.00 -0.97 0.00 
pmbA 1.12 0.00 1.07 0.00 0.93 0.00 
pncB -1.26 0.00 -0.90 0.00 -0.94 0.00 
polB 1.53 0.00 2.17 0.00 1.21 0.00 
potB -0.70 0.01 -1.01 0.00 0.56 0.00 
potF 1.75 0.00 2.59 0.00 0.48 0.00 
potG 0.90 0.00 1.67 0.00 -0.69 0.01 
potH 0.52 0.02 1.07 0.00 -1.46 0.01 
potI 0.53 0.01 1.08 0.00 -1.71 0.00 
poxB 1.61 0.00 1.43 0.00 -0.98 0.00 
ppiC -1.00 0.03 -1.12 0.00 -0.51 0.01 
ppsA -0.50 0.00 -0.25 0.04 -1.18 0.00 
ppx 0.12 0.05 0.18 0.03 -1.72 0.00 
pqiA -0.27 0.02 -0.37 0.02 -1.12 0.00 
priB -1.98 0.00 -2.05 0.00 0.57 0.03 
prlC 1.12 0.00 1.41 0.00 0.20 0.03 
prpD 2.18 0.00 5.90 0.00 -1.10 0.04 
prs -1.25 0.00 -1.51 0.00 -0.60 0.00 
psiE 1.54 0.00 3.29 0.00 1.39 0.01 
psiF 1.81 0.00 3.12 0.00 -0.71 0.04 
pspB 0.57 0.02 1.01 0.03 0.74 0.02 
pspF 0.86 0.01 1.50 0.00 0.67 0.02 
psrO -1.86 0.01 -1.44 0.00 -0.99 0.00 
pth -1.01 0.02 -1.25 0.00 -0.25 0.05 
ptrB 0.93 0.00 1.04 0.00 -1.07 0.00 
ptsG -0.75 0.02 -1.53 0.00 -1.87 0.00 
ptsN 0.21 0.01 0.34 0.00 -1.32 0.00 
purA 1.86 0.00 0.46 0.00 1.96 0.00 
purB -0.62 0.00 -2.33 0.00 -0.87 0.00 
purD -0.74 0.01 -4.47 0.00 0.36 0.02 
purE -0.82 0.00 -3.76 0.00 0.90 0.00 
purF -1.48 0.00 -3.51 0.00 -0.34 0.03 
purH -0.68 0.01 -4.31 0.00 0.64 0.00 
purK -0.47 0.01 -4.18 0.00 0.74 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
purL -0.91 0.00 -4.99 0.00 -0.20 0.04 
purM -0.63 0.01 -4.95 0.00 0.44 0.00 
purT -0.73 0.00 -3.60 0.00 0.60 0.02 
putP -1.43 0.01 -0.41 0.01 -0.17 0.01 
pykF 1.24 0.00 0.58 0.00 0.37 0.01 
pyrB -7.39 0.01 -7.14 0.00 -6.52 0.00 
pyrC -2.33 0.00 -3.15 0.00 -2.27 0.00 
pyrD -3.22 0.00 -3.34 0.00 -2.91 0.00 
pyrE -2.57 0.00 -2.46 0.00 -1.03 0.00 
pyrF -1.92 0.00 -1.57 0.00 -1.18 0.00 
pyrH -1.41 0.00 -1.23 0.00 -1.71 0.00 
pyrI -6.25 0.01 -5.32 0.00 -5.74 0.00 
pyrL -1.91 0.01 -1.58 0.01 -3.26 0.00 
qmcA 1.17 0.03 1.59 0.00 0.79 0.01 
qorA 2.22 0.00 2.60 0.00 0.65 0.00 
queC 0.67 0.00 0.63 0.00 1.00 0.00 
raiA 1.07 0.02 3.35 0.00 1.42 0.00 
rarA 0.33 0.05 0.37 0.02 -1.20 0.00 
rbsA -2.07 0.03 -1.24 0.00 -2.20 0.00 
rbsC -1.17 0.01 -1.44 0.00 -1.79 0.01 
rbsD -2.49 0.03 -2.14 0.00 -2.27 0.01 
rbsK -0.72 0.01 -1.21 0.00 -0.91 0.00 
rbsR -0.62 0.05 -1.10 0.00 -1.14 0.00 
rclA 2.57 0.00 3.15 0.00 -1.89 0.00 
rcnB 0.46 0.03 1.22 0.00 1.42 0.01 
recA 2.18 0.00 2.94 0.00 4.28 0.00 
recB -0.57 0.00 -0.61 0.00 -2.17 0.00 
recG -0.70 0.01 -0.99 0.00 -2.21 0.00 
recN 3.84 0.00 4.45 0.00 4.33 0.00 
recO -0.66 0.01 -0.37 0.03 -1.17 0.00 
recQ -1.44 0.00 -1.01 0.00 -0.23 0.01 
recX 1.68 0.00 2.95 0.00 3.89 0.00 
rfaH -1.04 0.02 -0.98 0.00 -0.71 0.01 
ribB -1.18 0.00 -0.35 0.00 -1.46 0.00 
ribC 0.46 0.01 0.74 0.00 1.08 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
ridA -2.40 0.01 -2.36 0.00 -2.24 0.00 
rihA -1.34 0.00 -1.34 0.00 -1.81 0.00 
rihC -1.21 0.00 -1.31 0.03 -1.17 0.02 
rimJ 1.00 0.00 1.49 0.00 0.62 0.00 
rimK -0.73 0.02 -1.54 0.00 -0.59 0.00 
rimM -1.53 0.00 -1.48 0.00 0.36 0.01 
rimO -1.23 0.01 -0.80 0.00 0.73 0.00 
rimP -1.97 0.01 -1.77 0.00 -0.91 0.00 
rlmB 0.65 0.00 1.05 0.00 0.51 0.00 
rluB -1.61 0.00 -1.21 0.00 1.21 0.00 
rluE -0.98 0.01 -1.46 0.00 -0.93 0.00 
rmf 2.20 0.00 3.32 0.00 0.72 0.00 
rmuC 0.34 0.04 1.28 0.00 1.80 0.00 
rnb -1.37 0.00 -1.49 0.00 -0.72 0.00 
rnhB -1.23 0.00 -0.80 0.00 -1.18 0.00 
rnlB -0.69 0.02 -0.71 0.00 -1.17 0.00 
rnpA -2.03 0.00 -1.53 0.00 -0.93 0.00 
rob 1.30 0.01 2.03 0.00 0.86 0.00 
rof 1.46 0.00 2.20 0.00 0.59 0.01 
rpoA -1.07 0.00 -1.21 0.00 0.41 0.00 
rpoS 1.21 0.00 2.20 0.00 1.24 0.00 
rraA 1.13 0.00 0.99 0.00 0.85 0.00 
rsd 0.49 0.01 1.54 0.00 1.25 0.00 
rseB -0.46 0.00 -1.01 0.00 -1.67 0.00 
rseC -1.09 0.00 -1.00 0.01 -2.19 0.00 
rseP -0.61 0.00 -0.76 0.00 -1.14 0.00 
rssA 0.89 0.00 1.21 0.00 -0.56 0.01 
rssB 1.31 0.00 1.71 0.00 -1.03 0.01 
rsxA -1.65 0.02 -1.10 0.00 -0.39 0.00 
rsxB -1.52 0.01 -1.05 0.00 -0.76 0.00 
rsxC -1.49 0.00 -0.83 0.00 -1.05 0.00 
rsxD -0.96 0.00 -1.00 0.00 -1.44 0.00 
rsxE -1.43 0.01 -1.32 0.00 -2.38 0.00 
rsxG -1.09 0.01 -0.91 0.00 -2.01 0.00 
rtcB 1.03 0.00 1.60 0.00 0.83 0.03 
rttR -3.48 0.02 -3.30 0.00 -1.70 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
ruvA 1.24 0.00 1.28 0.00 2.00 0.00 
ruvB 1.07 0.00 1.42 0.00 1.70 0.00 
ryhB 2.06 0.02 3.11 0.02 -0.96 0.02 
ryjA 2.06 0.03 3.09 0.02 -0.92 0.02 
sapD 0.11 0.00 0.22 0.04 -2.19 0.00 
sbmA 0.63 0.02 1.27 0.00 -0.25 0.00 
sbmC 2.47 0.00 4.01 0.00 1.74 0.00 
sbp -1.71 0.00 -1.37 0.00 -3.27 0.00 
sdaC -1.03 0.00 -2.02 0.00 -0.32 0.02 
sdhA -2.18 0.00 -1.83 0.01 -0.98 0.01 
sdhB -2.11 0.00 -2.06 0.01 -1.11 0.03 
sdhC -2.51 0.00 -1.54 0.01 -1.25 0.01 
sdiA 1.37 0.00 2.11 0.00 0.60 0.00 
secA -0.67 0.02 -0.76 0.00 -1.17 0.00 
secG -2.04 0.01 -1.70 0.00 -0.15 0.04 
secM -1.26 0.02 -1.04 0.00 -0.77 0.00 
secY -1.17 0.00 -1.33 0.00 -0.10 0.00 
serS 0.75 0.02 1.19 0.00 0.83 0.00 
serV -2.78 0.01 -2.18 0.00 -0.94 0.01 
setB -1.45 0.04 -1.02 0.00 -0.79 0.01 
shiA 1.61 0.00 2.39 0.00 -0.67 0.00 
smg 1.16 0.00 1.90 0.00 0.40 0.00 
sodB -2.42 0.00 -2.35 0.00 0.74 0.02 
sodC 2.21 0.01 3.41 0.00 -0.85 0.00 
sohB 0.92 0.00 1.15 0.00 0.48 0.00 
soxR 0.85 0.01 1.33 0.00 0.46 0.02 
speB 0.96 0.05 1.27 0.00 1.44 0.00 
speC -1.15 0.01 -0.19 0.01 -0.41 0.03 
speD -1.44 0.00 -1.27 0.00 -1.32 0.00 
speE -1.62 0.00 -1.31 0.00 -0.81 0.00 
sra 2.42 0.01 3.76 0.00 -1.16 0.00 
ssb 0.69 0.00 1.19 0.00 1.56 0.00 
sseA 1.55 0.00 1.32 0.00 0.68 0.02 
ssrS 1.18 0.02 1.45 0.00 0.82 0.02 
sstT 1.07 0.04 0.98 0.00 0.65 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
sucA -1.05 0.00 -1.50 0.00 -1.95 0.00 
sucB -1.17 0.00 -1.74 0.00 -2.16 0.00 
sucC -1.01 0.00 -1.99 0.00 -2.84 0.00 
sucD -1.08 0.00 -1.97 0.00 -2.97 0.00 
sufD 0.86 0.00 1.52 0.00 -0.74 0.03 
sufE 0.88 0.00 1.78 0.00 -1.66 0.00 
sufS 0.90 0.00 1.70 0.00 -1.05 0.02 
suhB -5.11 0.00 -1.92 0.00 -2.38 0.00 
sulA 2.46 0.00 3.79 0.00 4.40 0.00 
talA 1.84 0.00 2.95 0.00 -0.83 0.00 
tam 1.54 0.00 2.05 0.00 -0.86 0.00 
tamB 0.30 0.01 0.30 0.00 -1.05 0.00 
tas 1.37 0.00 2.00 0.00 0.56 0.00 
tatD -1.84 0.00 -1.14 0.00 -0.97 0.00 
tdh 1.56 0.00 2.26 0.00 1.33 0.00 
tesA 0.52 0.00 1.10 0.00 0.41 0.00 
tesB 1.36 0.00 1.17 0.00 0.97 0.00 
tff -1.26 0.00 -1.04 0.00 0.68 0.00 
thiM -1.17 0.01 -0.78 0.00 -0.92 0.02 
thiQ -0.94 0.00 -1.34 0.00 -1.52 0.01 
thrA -1.57 0.02 -2.23 0.00 -1.89 0.00 
thrB -1.59 0.02 -2.25 0.00 -2.09 0.00 
thrC -1.43 0.03 -2.32 0.00 -1.93 0.00 
thrT -2.80 0.00 -2.39 0.00 -0.53 0.01 
thrU -3.23 0.01 -2.81 0.00 -1.07 0.00 
tisB 3.92 0.00 4.87 0.00 4.71 0.00 
tktB 2.09 0.01 2.96 0.00 -1.56 0.00 
torD 0.62 0.01 1.08 0.01 -0.71 0.05 
tpiA 1.34 0.00 0.30 0.00 0.42 0.00 
tqsA -1.53 0.04 -0.82 0.01 -0.68 0.00 
treA 2.06 0.00 2.58 0.00 -0.85 0.03 
treF 1.96 0.00 2.79 0.00 0.35 0.01 
trkG -0.52 0.04 -0.41 0.05 -2.11 0.01 
trmD -1.49 0.00 -1.42 0.00 0.37 0.00 
trmH -1.03 0.01 -0.80 0.00 -1.56 0.00 
trmI 0.37 0.00 0.42 0.00 1.49 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
trmL -1.60 0.00 -0.75 0.03 -0.57 0.04 
trmN -1.64 0.00 -0.91 0.00 -0.41 0.00 
truB -1.21 0.00 -1.01 0.00 -0.55 0.00 
tsgA 1.20 0.00 -0.74 0.00 1.06 0.00 
tsx -1.22 0.00 -1.52 0.00 0.26 0.00 
ttdT -1.33 0.00 -0.89 0.01 -0.64 0.00 
tufA -0.50 0.00 -1.03 0.00 -0.47 0.00 
tufB -0.85 0.01 -1.35 0.00 0.53 0.00 
tyrA 1.54 0.01 3.26 0.00 3.44 0.00 
tyrP -1.57 0.00 -0.87 0.00 0.96 0.01 
tyrT -3.72 0.03 -3.29 0.00 -2.16 0.00 
tyrU -3.25 0.01 -2.77 0.00 -1.18 0.02 
tyrV -4.89 0.01 -3.36 0.00 -2.62 0.00 
ubiF 1.14 0.00 1.47 0.00 0.68 0.00 
ubiX -2.32 0.00 -2.03 0.00 -0.55 0.02 
udp 1.89 0.00 1.72 0.00 0.86 0.00 
ugpA 0.76 0.04 2.21 0.00 -1.59 0.01 
ugpB 1.64 0.01 3.03 0.00 -1.10 0.00 
ugpC 1.16 0.00 1.35 0.00 -0.41 0.00 
ugpE 0.90 0.00 1.82 0.00 -1.74 0.01 
uhpB -2.05 0.00 -0.37 0.03 -0.97 0.00 
uhpC -1.89 0.01 -0.69 0.01 -1.27 0.00 
umuC 2.35 0.00 3.69 0.00 3.02 0.00 
umuD 3.22 0.00 4.35 0.00 4.01 0.00 
upp -3.00 0.00 -3.16 0.00 -1.52 0.00 
uraA -5.43 0.00 -4.45 0.00 -3.33 0.00 
ushA 1.33 0.00 1.47 0.00 0.27 0.00 
uspA 1.26 0.00 2.01 0.00 1.23 0.00 
uspD 1.19 0.00 1.04 0.00 0.68 0.00 
uspE 1.35 0.00 2.21 0.00 0.96 0.00 
uspG 1.84 0.01 2.60 0.00 0.71 0.00 
uup -1.07 0.00 -0.59 0.00 -1.22 0.00 
uvrA 1.23 0.00 2.01 0.00 1.71 0.00 
uvrB 1.61 0.00 2.09 0.00 1.62 0.00 
uvrD 0.43 0.00 1.31 0.00 1.02 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
uxaA 1.68 0.00 3.48 0.00 1.90 0.00 
uxaB 1.91 0.02 3.30 0.00 1.30 0.00 
uxaC 2.20 0.00 3.84 0.00 2.84 0.00 
uxuA 1.08 0.00 1.93 0.00 2.31 0.00 
uxuB 1.14 0.00 1.41 0.00 1.09 0.00 
uxuR 0.76 0.00 0.97 0.00 1.17 0.01 
valT -3.11 0.01 -2.96 0.00 -2.07 0.00 
valU -4.75 0.02 -3.02 0.00 -1.97 0.00 
valZ -3.76 0.00 -2.87 0.00 -2.02 0.00 
vsr -0.69 0.01 -0.65 0.04 -1.17 0.00 
wbbH -0.50 0.00 -0.92 0.01 -1.21 0.00 
wbbJ -0.48 0.05 -1.05 0.00 -0.96 0.00 
wbbK -0.47 0.00 -0.98 0.00 -1.03 0.00 
wecC -0.36 0.03 -0.13 0.02 -1.63 0.00 
wecE 0.38 0.04 -0.20 0.05 -1.75 0.00 
wrbA 2.64 0.00 3.49 0.00 -0.32 0.03 
xanP -0.96 0.01 -3.67 0.00 0.19 0.05 
xseA -0.75 0.00 0.58 0.01 -1.04 0.00 
yaaX -2.38 0.02 -2.73 0.00 -2.16 0.00 
yacL 0.75 0.00 1.39 0.00 0.97 0.00 
yadE -0.93 0.01 -0.61 0.01 -1.13 0.00 
yadI -0.56 0.03 0.26 0.04 -1.42 0.00 
yadS -1.55 0.01 -1.44 0.00 -0.87 0.00 
yaeH 2.06 0.00 2.80 0.00 1.32 0.00 
yaeP 1.58 0.00 2.34 0.00 0.90 0.00 
yafD 0.90 0.00 1.33 0.00 0.45 0.01 
yafE -0.14 0.01 0.25 0.05 -1.07 0.00 
yafN 1.65 0.03 2.62 0.00 1.48 0.01 
yafO 1.43 0.02 2.51 0.00 1.34 0.00 
yafQ -0.63 0.02 -0.44 0.00 -1.20 0.00 
yafV 1.32 0.00 1.77 0.00 0.93 0.00 
yagI -1.43 0.00 -1.46 0.01 0.59 0.02 
yagU 1.53 0.00 1.21 0.00 0.22 0.03 
yahK 1.89 0.00 1.80 0.00 -1.27 0.00 
yahO 3.34 0.00 4.90 0.00 -0.40 0.01 
yaiA 0.89 0.00 1.78 0.00 0.40 0.02 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
yaiE 1.05 0.01 1.59 0.00 0.66 0.00 
yajO 1.67 0.00 1.82 0.00 -0.43 0.00 
yajR -1.84 0.00 -1.40 0.00 -1.10 0.00 
ybaA 1.28 0.01 0.54 0.00 -1.11 0.00 
ybaQ 0.55 0.02 1.08 0.00 0.50 0.02 
ybaT 1.92 0.04 2.78 0.00 -1.66 0.00 
ybaY 1.67 0.02 3.66 0.00 -0.24 0.03 
ybbJ 0.89 0.03 1.55 0.00 0.33 0.04 
ybbO 0.57 0.00 1.07 0.00 0.22 0.01 
ybcF -1.50 0.00 -2.92 0.01 -1.19 0.00 
ybdH -1.03 0.01 -0.86 0.01 -1.74 0.00 
ybdL -1.54 0.01 -0.69 0.05 -1.74 0.00 
ybdR 1.81 0.01 2.44 0.00 -0.40 0.05 
ybeD 0.56 0.02 1.67 0.00 0.45 0.04 
ybeQ 1.17 0.00 1.68 0.00 -0.90 0.01 
ybfE -1.46 0.03 -0.89 0.00 -0.31 0.04 
ybgA 2.45 0.00 3.18 0.00 -1.16 0.01 
ybgE 0.99 0.01 1.09 0.00 -1.09 0.00 
ybgI 0.93 0.00 1.42 0.00 0.81 0.00 
ybgJ 0.72 0.00 1.22 0.00 0.52 0.01 
ybhF 1.01 0.01 0.65 0.01 -0.87 0.00 
ybhL 1.37 0.00 1.78 0.00 0.56 0.00 
ybhM 0.81 0.01 1.58 0.00 -1.43 0.02 
ybhN 1.79 0.00 2.56 0.00 -1.55 0.03 
ybhS 0.78 0.00 0.38 0.01 -1.53 0.00 
ybiB 1.68 0.00 1.90 0.00 1.39 0.00 
ybiI 0.68 0.00 1.18 0.00 -2.99 0.00 
ybiO 1.49 0.00 1.30 0.00 -0.88 0.03 
ybjQ 1.72 0.00 1.89 0.00 0.58 0.02 
ycaC 2.46 0.00 2.61 0.00 -0.61 0.03 
ycaD 0.67 0.03 0.66 0.01 1.11 0.00 
ycaL -1.16 0.03 -1.12 0.01 -1.14 0.00 
yccJ 2.49 0.00 3.69 0.00 -0.38 0.02 
yccM -1.35 0.04 -1.85 0.05 -1.57 0.00 
yccT 1.42 0.01 1.77 0.00 -1.03 0.00 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
yccU 1.70 0.00 2.08 0.00 0.37 0.01 
yccX 1.31 0.01 1.76 0.00 0.58 0.00 
yceF 1.05 0.00 0.88 0.00 0.14 0.00 
yceH 0.99 0.01 1.37 0.00 0.23 0.00 
ycfL 1.47 0.00 1.31 0.00 0.41 0.01 
ycfP 1.10 0.00 0.97 0.00 0.13 0.04 
ycfZ -1.53 0.00 -1.24 0.01 -2.85 0.01 
ycgB 2.07 0.00 4.37 0.00 -0.77 0.00 
ycgM 1.34 0.00 1.66 0.00 1.42 0.00 
ychF -1.20 0.02 -1.53 0.00 -0.49 0.00 
yciE 2.94 0.00 2.34 0.00 -1.40 0.03 
yciH -2.12 0.00 -1.43 0.00 -1.02 0.01 
yciI 1.56 0.00 1.82 0.00 1.24 0.00 
yciK 0.60 0.01 1.38 0.00 0.62 0.01 
yciQ 0.42 0.01 0.66 0.00 -1.08 0.00 
yciT 0.36 0.05 1.01 0.00 0.93 0.01 
yciW -1.39 0.00 -2.02 0.00 -3.46 0.00 
yciZ 0.63 0.00 1.26 0.00 0.94 0.01 
ydaM 1.66 0.00 1.85 0.00 -1.44 0.00 
ydaN 1.50 0.00 1.90 0.00 0.28 0.02 
ydcF 0.66 0.00 1.25 0.00 1.11 0.00 
ydcJ 1.15 0.00 1.29 0.00 -0.63 0.03 
ydcL 2.24 0.00 2.56 0.00 0.82 0.00 
ydcN -1.38 0.01 -0.70 0.01 -0.67 0.02 
ydcP -1.12 0.00 -1.14 0.00 0.29 0.02 
ydcS 1.87 0.00 2.66 0.00 -0.92 0.01 
ydcT 1.72 0.00 2.65 0.00 -1.19 0.01 
ydcU 1.00 0.02 1.55 0.00 -1.38 0.02 
ydcV 1.53 0.00 2.08 0.01 -2.29 0.00 
ydcX -1.78 0.00 -0.99 0.00 -1.43 0.01 
yddM 0.62 0.01 1.30 0.00 -0.22 0.03 
ydeE 1.22 0.00 1.07 0.00 0.67 0.02 
ydfJ -1.05 0.01 -0.53 0.03 -0.74 0.01 
ydfZ -0.92 0.05 -1.31 0.01 -0.91 0.03 
ydgA 1.59 0.01 1.97 0.00 -0.79 0.00 
ydgD 1.73 0.00 2.39 0.00 0.52 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
ydhC -1.15 0.00 1.80 0.00 -1.11 0.02 
ydhF 1.17 0.00 1.04 0.00 -0.81 0.01 
ydhK 0.76 0.02 0.85 0.00 -1.56 0.00 
ydhL 1.79 0.01 2.30 0.00 -0.86 0.04 
ydhQ 1.66 0.01 1.79 0.00 0.90 0.00 
ydhR 0.78 0.00 1.07 0.00 1.25 0.00 
ydhS 1.75 0.00 2.29 0.00 -1.22 0.01 
ydhT 0.39 0.01 1.12 0.02 -1.40 0.02 
ydhZ 1.57 0.02 2.70 0.00 1.07 0.02 
ydiK 0.86 0.00 1.27 0.00 1.45 0.00 
ydiV 0.69 0.04 1.04 0.00 -0.72 0.02 
ydjM 0.77 0.04 1.98 0.00 1.70 0.00 
ydjN -2.97 0.03 -3.94 0.00 -3.51 0.00 
yeaG 2.52 0.00 4.90 0.00 -0.93 0.00 
yeaH 2.30 0.00 5.08 0.00 -1.83 0.00 
yeaO 1.26 0.00 1.37 0.01 0.62 0.04 
yeaR 1.76 0.01 2.52 0.01 -0.31 0.04 
yebF 1.10 0.00 2.00 0.00 1.99 0.00 
yebG 1.25 0.00 2.53 0.00 3.08 0.00 
yebV 2.37 0.01 4.24 0.00 -1.02 0.00 
yebW 0.98 0.01 1.91 0.00 -1.43 0.01 
yebY -1.12 0.00 -0.41 0.01 -0.52 0.02 
yebZ -1.01 0.01 -0.53 0.00 -0.31 0.00 
yecA 0.85 0.02 1.14 0.00 0.63 0.01 
yecJ -1.62 0.00 -0.87 0.02 -0.98 0.02 
yedA -1.34 0.01 -0.45 0.00 -1.30 0.01 
yedD 0.55 0.00 0.75 0.00 1.58 0.00 
yedI 1.54 0.00 1.79 0.00 0.68 0.00 
yedJ 0.71 0.01 1.23 0.00 0.39 0.00 
yedP 1.80 0.00 3.23 0.00 -0.63 0.00 
yedQ 0.66 0.00 1.04 0.00 -0.67 0.00 
yedR 1.32 0.01 2.05 0.00 1.15 0.00 
yedS 1.07 0.01 1.60 0.00 -0.39 0.02 
yedY 1.00 0.01 2.12 0.00 -0.44 0.01 
yedZ 0.87 0.01 1.68 0.00 -0.72 0.02 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
yeeA 1.53 0.00 2.30 0.00 0.23 0.00 
yeeD -2.08 0.00 -2.72 0.00 -3.37 0.00 
yeeE -2.10 0.00 -3.67 0.00 -4.01 0.00 
yeeO 0.84 0.00 1.72 0.00 -0.66 0.00 
yeeX 1.49 0.00 1.32 0.00 1.13 0.00 
yegD -0.54 0.04 0.34 0.02 1.30 0.00 
yegP 2.68 0.00 3.13 0.00 -0.34 0.02 
yegQ -0.60 0.01 0.19 0.04 1.44 0.00 
yehE 1.87 0.00 2.29 0.00 -0.68 0.00 
yehT -1.39 0.00 -1.15 0.01 -1.67 0.00 
yehU -1.29 0.01 -1.04 0.01 -2.07 0.01 
yehX 1.09 0.05 1.73 0.00 -1.84 0.00 
yehY 1.77 0.01 2.35 0.00 -1.04 0.01 
yeiB -1.38 0.02 -1.23 0.00 -1.54 0.00 
yeiE 1.07 0.02 1.09 0.00 0.57 0.00 
yeiP -1.12 0.01 -1.32 0.00 0.20 0.05 
yejF -0.73 0.01 -0.70 0.01 -1.48 0.00 
yfaY 0.81 0.02 1.17 0.00 0.35 0.01 
yfbK 0.44 0.01 1.03 0.01 0.61 0.01 
yfbP -0.93 0.01 -0.81 0.00 -1.32 0.00 
yfbT 1.09 0.01 1.02 0.00 0.91 0.00 
yfbU 1.10 0.00 0.99 0.00 1.16 0.00 
yfbV 0.53 0.04 1.29 0.00 1.35 0.00 
yfcA -1.09 0.00 -0.91 0.00 -1.98 0.00 
yfcF 1.40 0.00 1.40 0.00 0.30 0.01 
yfcG 2.38 0.00 3.04 0.00 0.42 0.01 
yfcL -1.21 0.00 -1.11 0.00 -2.04 0.00 
yfeO 0.87 0.00 1.39 0.00 -0.91 0.05 
yfeS -1.39 0.03 -1.37 0.00 -2.13 0.00 
yfeY -0.38 0.00 -1.20 0.00 -0.50 0.05 
yfhH -1.29 0.02 -1.34 0.01 -1.61 0.00 
yfhL -2.67 0.00 -1.33 0.00 -1.36 0.00 
yfiF 0.64 0.00 0.44 0.01 1.43 0.00 
ygaH -0.63 0.01 -1.57 0.01 -1.56 0.00 
ygaM 2.06 0.01 3.52 0.00 -0.86 0.00 
ygaU 2.48 0.00 3.34 0.00 -0.39 0.03 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
ygbE -1.60 0.01 -1.45 0.00 -2.34 0.00 
ygdH 1.06 0.00 1.09 0.00 -0.57 0.01 
ygdI 1.78 0.03 2.61 0.00 -0.79 0.01 
ygdR 1.53 0.00 2.13 0.00 0.42 0.01 
ygfF -0.85 0.04 -1.30 0.02 -1.38 0.00 
yggE 1.67 0.00 1.73 0.00 0.50 0.00 
yggF 1.23 0.02 1.70 0.04 -0.65 0.02 
yggL 1.21 0.00 1.29 0.00 1.92 0.00 
yghA 2.40 0.01 2.67 0.00 -0.67 0.00 
yghF -3.23 0.01 -1.51 0.01 -1.50 0.01 
yghU 1.66 0.00 1.59 0.00 0.34 0.01 
ygiF 0.48 0.00 1.20 0.01 1.00 0.00 
ygiM -0.95 0.00 -2.28 0.00 -2.42 0.00 
ygiN 0.99 0.01 1.46 0.00 0.75 0.00 
ygiS -0.66 0.03 -0.74 0.01 -1.28 0.00 
ygiW 1.13 0.00 0.75 0.01 -0.45 0.01 
ygjH 1.56 0.00 3.03 0.00 -1.43 0.02 
yhaH 1.61 0.00 2.20 0.00 0.86 0.00 
yhbE -1.43 0.01 -1.00 0.00 0.47 0.00 
yhbS 0.87 0.00 1.05 0.00 1.64 0.00 
yhbT 0.80 0.00 1.06 0.00 1.59 0.00 
yhcF 0.66 0.01 1.27 0.00 -0.56 0.01 
yhdJ -1.63 0.00 -1.11 0.01 -1.62 0.00 
yhdP -0.36 0.01 -0.49 0.00 -1.98 0.00 
yhdW 1.01 0.00 2.38 0.00 -1.56 0.02 
yheT -0.51 0.00 -0.31 0.02 -1.63 0.01 
yheV 0.63 0.00 1.45 0.00 -1.08 0.01 
yhfG 1.91 0.00 2.56 0.00 -0.68 0.02 
yhfK -0.65 0.01 -0.59 0.01 -1.17 0.00 
yhhY 0.72 0.04 1.29 0.01 1.16 0.01 
yhjG 2.31 0.00 3.24 0.00 -0.26 0.05 
yhjJ -0.50 0.00 -0.72 0.00 -1.38 0.00 
yhjR 1.55 0.00 2.05 0.01 -0.65 0.00 
yhjV -1.46 0.00 -0.70 0.00 -1.11 0.00 
yiaC 0.61 0.03 0.82 0.00 -1.18 0.02 
 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
yiaD -1.11 0.00 -1.33 0.00 -0.26 0.04 
yiaF 0.87 0.00 1.01 0.00 0.46 0.01 
yiaG 2.43 0.00 3.72 0.00 -0.69 0.00 
yibF 1.55 0.00 1.62 0.00 0.54 0.05 
yibQ -0.97 0.00 -0.42 0.05 -1.47 0.00 
yibT 1.67 0.00 3.22 0.00 0.79 0.02 
yicH 0.53 0.01 0.78 0.00 1.23 0.00 
yidD -2.17 0.00 -1.66 0.00 -1.06 0.00 
yidQ 0.46 0.02 1.26 0.00 -0.72 0.00 
yifB -1.51 0.00 -0.89 0.00 -1.41 0.00 
yihD 0.72 0.01 0.83 0.00 1.01 0.01 
yihL -1.25 0.01 -0.80 0.01 -1.49 0.01 
yihX 1.10 0.00 1.52 0.00 0.57 0.01 
yihY 0.95 0.00 1.09 0.00 -0.43 0.01 
yiiS 1.71 0.00 2.50 0.00 0.99 0.00 
yiiX -1.14 0.00 -0.85 0.05 -1.90 0.00 
yjaA -1.31 0.05 -1.32 0.02 -1.20 0.00 
yjaZ -1.39 0.02 -0.86 0.00 -0.62 0.00 
yjbT 0.49 0.01 1.82 0.00 -1.48 0.01 
yjcD -1.16 0.01 -4.21 0.00 -1.10 0.00 
yjcE 0.78 0.00 1.07 0.00 1.06 0.00 
yjdF 1.06 0.03 0.58 0.01 1.18 0.00 
yjeI 1.06 0.00 1.42 0.00 0.74 0.00 
yjfF 0.50 0.02 0.78 0.04 -1.28 0.00 
yjfP 0.53 0.02 1.55 0.00 0.40 0.04 
yjfZ -1.76 0.00 -1.93 0.01 -0.92 0.03 
yjgH 1.45 0.00 3.11 0.00 -0.52 0.00 
yjhY 0.96 0.01 2.18 0.00 0.54 0.01 
yjiN 1.48 0.00 2.00 0.00 -0.71 0.01 
yjjJ 0.45 0.05 1.05 0.00 0.36 0.01 
yjjU 1.06 0.00 1.23 0.00 0.41 0.01 
ykfB 0.83 0.02 1.48 0.00 1.33 0.00 
ymcE -3.43 0.00 -3.58 0.00 -2.16 0.00 
ymdB 1.53 0.01 2.71 0.00 -0.70 0.01 
ynaJ 0.31 0.04 0.59 0.01 1.10 0.00 
yncD -0.67 0.01 -1.21 0.00 -1.85 0.00 











Name Log₂ FC p-value Log₂ FC p-value Log₂ FC p-value 
yncE 1.09 0.00 0.87 0.00 -1.13 0.00 
yncL 1.40 0.00 1.87 0.01 -0.81 0.00 
yniA 1.81 0.00 3.21 0.00 -0.71 0.00 
ynjI -2.28 0.02 -2.05 0.00 -3.47 0.00 
yoaC 2.25 0.00 3.42 0.00 1.06 0.00 
yoaD 0.98 0.00 1.78 0.00 -1.06 0.00 
yobD -1.93 0.00 -1.06 0.01 -1.96 0.00 
yoeA 1.22 0.00 1.49 0.00 0.83 0.00 
yohC 2.64 0.01 4.57 0.00 0.55 0.00 
yohF 2.03 0.01 2.88 0.00 -0.62 0.01 
yojI -1.59 0.01 -1.48 0.00 -0.50 0.00 
ypjA 1.47 0.00 2.64 0.00 -0.41 0.02 
yqaE 1.94 0.01 2.44 0.00 0.51 0.05 
yqcA 0.79 0.00 1.28 0.00 0.72 0.00 
yqgC -1.54 0.00 -1.23 0.00 -0.40 0.01 
yqjC 1.62 0.00 2.23 0.00 -0.62 0.00 
yqjF 0.71 0.05 1.96 0.00 -0.63 0.05 
yqjH -1.23 0.00 -0.63 0.00 -0.64 0.01 
yraQ -1.64 0.01 -1.15 0.00 -0.35 0.03 
yraR 1.01 0.01 1.21 0.00 0.38 0.04 
yrhA -1.32 0.01 -1.13 0.00 -0.75 0.00 
ysaA -1.29 0.00 -0.97 0.00 -1.36 0.00 
ysgA 1.16 0.00 1.90 0.00 -0.64 0.00 
ytfB 1.25 0.00 1.35 0.00 0.91 0.00 
ytfF 0.39 0.02 1.21 0.01 0.52 0.02 
ytfK 0.89 0.02 1.53 0.00 -1.19 0.01 
ytfT 0.97 0.01 1.50 0.01 -1.59 0.01 
zapB 0.29 0.00 0.83 0.00 1.08 0.00 
zinT -3.08 0.01 -3.68 0.01 -2.34 0.02 
zntA 1.50 0.00 1.41 0.01 0.59 0.01 
znuA -2.39 0.00 -2.28 0.00 -1.83 0.00 
znuB -1.06 0.03 -0.94 0.00 -0.39 0.01 
znuC -1.10 0.01 -1.30 0.00 -0.40 0.02 
zupT 0.97 0.00 1.53 0.00 0.94 0.00 
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